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INTRODUCTION 

Werner J. Schwarz and Kars ten  -Pruess 

h a t  was signed i n  June 1975 i n  

Rome, the*U.S. Ener nd Development Adminis t ra t io  
I. 

(DOE), and the  Ente Nazionale per 

a (ENEL), I t a l y ,  have sponsored j o i n t  research  

a c t i v i t i e s  i n  var ious a reas  of geothermal energy over the  las t  f i v e  

t i n  the o r i g i n a l  agreement, research was performed ~. 

Project 4. Deep d r i l l i n g .  

Project 5. Environmental cont ro l  technologies.  

A f i r s t  synopsis of ongoing work was presented a t  a j o i n t  U.S.- 

I t a l i a n  workshop i n  September 12-16, 1977, a t \ L a r d e r e l l o ,  I t a l y ,  and 

was published as the  "Proceedings of the  Lardere l lo  Workshop on Geo- 
thermal Resource Assessment and Reservoir Engineering." 

was exc lus ive ly  devoted t o  Pro jec t  3, which was the  area i n  which 

cooperation was f i r s t  i n i t i a t e d .  

"center stage" i n  subsequent years ,  with most of the  j o i n t  research  

a c t i v i t i e s  focused on geothermal r e se rvo i r  engineering. 

That meeting 

P ro jec t  3 continued to  occupy 

The purpose of t h i s  second Geothermal Workshop was t o  summarize 

the  research  to  da te  and t o  discuss  fu tu re  plans fo r  add i t iona l  

cooperat ive p ro jec t s  between the U.S. Department of Energy and the  

Ente Nationale per L'Energia of I t a l y .  Inv i ted  papers by p a r t i c i p a n t s  

covered on-going programs under the  DOE-ENEL Agreement and, i n  u 
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addi t ion ,  se lec ted  speak nted the  r e s u l t s  of t h e i r  , research.  

The I t a l i a n  coordinator f o r  t h i s  workshop was Dr. Pet ro  Ceron (ENEL) 

of  P i s a ,  I t a l y ;  the  

of Washington, D.C. 

Division of the  Lawrence Berkel 

Cal i forn ia .  A l l  of the rs presented i n  P ro jec t  3 
and American co-authors. Pro jec ts  1, 2, 4 and 5 

a t t e n t i o n  r ecen t ly ,  and a ha l f  day sess ion  wae d 

workshop. 

i n a t o r  was Dr. John Sal isbury (DOE) 

The meeting was hosted by the  Earth Science 

The last  f i v e  years  of cooperative research  i n  geothermal 

have seen a f r u i t f u l  exchange of information be t  

I t a l i a n  engineers and s c i e n t i s t s .  This has r e s u l t e d  i n  

s tanding of geothermal resources  and i n  the  deve 

engineer ing methods fo r  improving geothermal  ene 

purpose of these proceedings is t o  disseminate these achievements t o  

the  geothermal community a t  l a rge .  

The workshop was at tended by near ly  100 p a r t i c i p a n t s  from Belgium, 

Iceland,  I t a l y ,  Mexico, and the  United S ta tes .  

We wish t o  thank a l l  p a r t i c i p a n t s  fo r  making the  workshop a 

success. We g r a t e f u l l y  acknowledge the most valuable  a s s i s t ance  from 

ENEL-UNG and the  support  from the  U.S. Department of Energy, DOE which 

made t h i s  workshop possible .  
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THE DISTRIBUTION OF RADON AND RADON DAUGHTERS 
IN THE GEOTHERMAL REGION OF LARDERELLO 

Andreas C. George* 
Giovanni Scandiff io 
Alfred J. Breslin* 

INTRODUCTION 
The industrial utilization of steam in the Larderello area results 

in a cdntinuous release of gaseous effluents to the environment. 
plants utilizing geothermal fluids for power generation are 
distributed over an area of 150 km 
dential areas. Accordingly, the atmospheric distribution-and con- 
centration of these effluents and their environmental impact in the 
area was studied and their relative hazard was evaluated, 

The 

2 and are generally near resi 

One of the most important pollutants released from the Larderello 
geothermal fluids is radon which is highly concentrated at points of 
emission, e.g., several thousand picocuries per liter of gas.’ 
overall objective of this study was to determine the distribution of 

The 

and radon daughters, evaluate their impact on the environment 
derello, and provide a basi against which changes in environ- 

mental quality can be assessed. 
gation by ENEL and by the Environmental Measurements Laboratory (EML), 
U.S. DOE. Most of the instrumentation and analytical services were 
provided by EML. 
field and conducted supplementary measurements for radon daughter 
concentrations. 

The study was a cooperative investi- 

ENEL deployed and maintained the instruments in the 

c 

* U.S. DOE, Environmental Measurements Laboratory, N 

L - Unita Nazionale Ge 
* At present retired. 
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Location and Type of Geothermal P lan t s  

The Lardere l lo  Geothermal f i e l d  is about 100 km south' of Florence. 

The f i r s t  commercial power p lan t  was placed i n  o p e r a t i o n ' i n  1913. 

Today 27 condensing u n i t s  are operat ing i n  an area of 150 km . 
f l u i d  from wells  genera l ly  c o n s i s t s  of a mixture of 

The gas content  v a r i e s  from a minimum of 1% t o  a ma'x 

an average of 5% by weight. 

The average chemical composition of the  unconden 

2 The 

: volume i s  as follows: 

NS 2%. These gases are released t o  the  atmosphere from 

gas e j e c t o r s  and cooling towers. 

radon and steam released.  

s t a t i o n s  is shown i n  Fig. 1. 

COP 95%; H2S 1.6%; H2 2.3%; CH4 and 

Table 1 l is ts  the  q u a n t i t i e s  of 

The d i s t r i b u t i o n  of p l an t s  and sampling 

Monitoring Procedures 

Annual mean concentrat ions of radon and of working l e v e l  were 

determined i n  each loca t ion  by per iodic  two-week-long measurements 

d i s t r i b u t e d  over t he  period between October 1977 through November 

1978. 

l eve l  monitors3 were used throughout the  study. 

LiF TLD de t ec to r s  (LiF-700-1/8x1/8x.015"). Analysis of t he  TLD 

de t ec to r s  was performed a t  the  Environmental Measurements Laboratory 

(EML) i n  New York. 

Time-integrating radon monitors' and t ime-integrat ing working 

Both monitors use 

For comparison, more than 1500 grab sample measurements f o r  radon 
4 daughters were made by ENEL i n  1979 and 1980 using the  Rolle 

modified Tsivoglou5 and Kusnetz6 methods. 

compared instruments used f o r  these measurements during the  'week of 

J u l y  11, 1977. 

10%. Grab samples f o r  radon were a l s o  obtained during t h i s  week using 

s c i n t i l l a t i o n  f lasks .  

ENEL and EML h'ad in t e r -  

Th? WL obtained by the  two l abora to r i e s  agreed wi th in  

7 

Radon emanation was measured with charcoal canis ters8-  which 

i n t e g r a t e  radon f l u x  over periods of 24 t o  48 hours. 

s i tes shown i n  Fig. 2 consis ted of severa l  geological  formations 

The measured 

1 
I spread out i n  the  general  a rea  of the  geothermal f l u i d .  The charcoal  

L$ 
1 
< 

t 
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. .  

Fig. 1. Geographical distribution of power plants and 
sampling stations. 

ej 
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Fig. 2 .  Location of sampling points for integrated radon 
f lux  on main formations of geothermal area. 
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i c a n i s t e r s  were analyzed a t  Em. 
same loca t ions  and were analyzed fo r  Ra-226 by gamma spectrometry a t  

EML . 
Samples of s o i l  were co l lec ted  a t  the  

.- 

RESULTS 

Table 1 l is ts  measurements of radon and s t e  leased from the  

geothermal p lan ts -obta ined  i n  an ear l ier  study. e total  output 
of  radon i s ' 8  Ci/day. 

t he  region i s  from s o i l  raditlm. Measurements of radium-226 

f l u x  from s o i l  b l e  2. Single s o i l  sampl 

radium-226 ana lys i s  were co l lec ted  i n  each loca t ion ,  while measure- 

The second most .important source of 

ments of  radon f lux  are  the  averages of samples co l lec ted  i n  

t r i p l i c a t e .  
_- 

The mean radium-226 content  of 0.9 pCi/g, usua l ly  assumed t o  be 

normal background, is  near ly  equal t o  1 pCi/g, the  average value 

measured i n  New Je r sey  and New York s o i l s .  

than the  world-wide average'' of 25.5 pCi m 

comparable t o  radon f l u x  value obtained i n  typ ica l  r e s iden t i a l  areas 

9 
-2 The average value of radon f lux ,  18 pCi m i s  somewhat lower 

-2 -1 min , and it i s  

i n  New Je r sey  and New Y0rk.l'- The na tura l  release of radon - into the  

atmosphere ca lcu la ted  from the measured radon f lux ,  is  3.9 Ci/day, o r  

approximately one-half of the  o t a l  radon released by a1 

p lan ts .  

Radon concentrat ions,  working l e v e l s ,  and working l eve l  r a t i o s  

asurements a r e  summarized i n  Table 3. 8The 

l i s t e d  mean en t r a t ions  and working l eve l s  are a r i thmet ic  

long measurements i n  each case. The working 

ulated from individual  simultaneous measurements 

eve1 i n  each locat ion.  The loca t ions  are shown 

t r ibu t ions  of radon and working l eve l  calculated 

from a l l  the  measurements ob ned i n  the  period from Octobe 

through November 1978 '(shown i n  Fig,  3 1 ,  i nd ica t e  geometric 

0.16 pCi/l  and 0.001 WL. The concentrat ions of radon and radon 
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~ Table 1 - Radon and Steam from Production Wells 

Radon Release Steam 
Location PCiIl Cilday Tons /Day 

Larderello (3 plants) 
Cas telnuovo 
Sasso 
Serrazzano 
Lagoni Rossi 
Lago 
Monterotondo 

TOTAL OUTPUT 

54,000 
14 1 ,000 
57,000 
70,000 
90,000 
163,000 
53,009 

3.6 32,000 
1.5 7,300 
0.5 . 6,000 
1.3 7,200 
0.4 5,300 
0.7 8,700 
0.08 2,100 

8 .O 68,600 
- 

Table 2. Sources of Radon near Geothermal Plants 

Radium 226 in soil Radon Flux / from soil 

Sample 
Location* pcilg pci m-2 min-1 Rock Formation 

1 1.2 17 Sands tone 
2 1.1 20 Sands tone 
3 1.2 14 Anhydrite 
4 1.1 16 Anhydrite 
5 0.5 13 Natural Manifestations 
6 0.3 18 Natural Manifestations 
7 0.8 19 Calcareous Marnous Flysch 
8 0.9 21 Calcareous Marnous Flysch 
9 1.0 15 Fossil Manrfestations 
10 1.1 24 Fossil Manifestations 

Average = 0.9 18 
- 

* See Fig. 2 
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Table. 3. Integrated Radon and Working Level Measurements at Larderello, Caste 
Bora c i fer ous reg ion. 

,. . 

ampling 
Stat ion 

Measurement , 

Per ibd 

RADON' (pci/l) 

. Min. Max. Mean Mine Max. Mean 
WL-Ra t io* 

> 11 Oct 1977-Nov 1978 .07 .30 .20 
* .08 .37 .21 

.04 .32 .20 

.07 .24 .ll 

.10 ' .33 .19 

.09 .23 .17 

.07 .40 .21 

.08 .23 .15 

.15 .20 .18 

.10 .26 .19 
Lago . 1980-March 1980 .18 .50 .29 

.20 .25 .23 

I t  

11 

11 

I1  

28 
29 
33 
40 

Vado la Lepre I1 

I1  S. Dalmazio 
G March 1980-Jun - - 
C 
L- 2 
L-3 

Sasso 
Mon terot ondo 
Serrazzano 

11 

I 1  

11 

I 1  

11 

I1  

- * -  - 
I 

.18 - - - 

.0007 .003 .0012 

.0005 .002 .0012 

.0006 .0023 .0012 

.0007 .0038 .002' 

.0007 .0032 .002 
.57 
.72 - - - - - - - - 

.0004 .0019 .001 - 

.0005 .002 .0012 

.0005 .001 .0008 - .71 Hi .001 .0014 .001 

.0004 .0022 .001 

.001 .0021 .0016 

.0007 .002 .0012 - 

.45 .001 e0016 -0013 

Av-0.64 , 

I 

W 

1 

Av-0. 64 

I 

t - I.. - . x 100 * Working Level WL-Ratio = Radon Conc.pCi/l 

I ,  : 



.6 I I I ?  1 '  I ' I I I ( 1  I 1 1 1  

- 
- 
- Geometric meon= .16pCi/l 

Geometric st'd. 
deviation = 1.7 - 

Fig. 3. 
daughter copcentrations. 

Distributions of integrated radon and radon 

.006 
- 
- 
- 

- 

- 
a3 

-4 

Geometric meon =.I5 pCi/l 
c Geometric st'd deviation. 1.6 

A 0 

- .I - 
- 
- 
- 
- 
- 
- 

- 

.Ol .di 

c 

C 
0 

C 
0 
U 
0 

3 Geometric meon = .00075WL 

Geometric meon =.OOl WL 
Geometric stb deviation. 1.5 

4 0 

Working level rotio=.63 

I IO 20 ' .60 ' 80 90 95 9899 99.9 99.99 
I I s  I I I I I I I I I  I I " I . .0001 ..i ' ' ' ' ' 

Geometric st'd deviotion = 1.5 c 
A 

_I 

Working level rotio=.52 

I #  8 I I I I I l , +  ' 1  " 

1 *O'.oi .i 10 20 40 60 80 90 95 9899 99.9 
1 

Fig. 4. 
daughter concentrations, grab samples (7/11-7/14, 1977). 

Distributions of environmental radon and radon 
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daught-ers a r e  wi th in  the  range t h a t  would be considered normal f o r  

o the r  geographical a reas .  For example, the  log-normal d i s t r i b u t i o n s  

of outdoor radon and working l eve l  measurements i n  New Jersey  and 

New York 

r e spec t ive ly ,  with corresponding geometric standard deviat ions of 1.5 

and 1.6. 

similar r e s u l t s  were obtained with a working l eve l  geometric mean of 

0.0012 and geometric standard deviat ions of 2.07. 

9 exhibi ted geometric means of 0.18 pCi/l  and .0016 WL, 

In  a study conducted by Auspaugh e t  a1.12 a t  Geysers, 

The average working l eve l  r a t i o  obtained from a l l  the simultaneous 

in tegra ted  measurements and from the  geometric means of the d i s t r i b u -  

t i o n  shown i n  Fig. 3 a r e  the  same, e.g., 0.64. 

The d i s t r i b u t i o n  of radon and working l eve l  ta ined with grab 

samples a r e  shown i n  Fig. 4, i nd ica t ing  geometric means of 0.15 pCi/ l  

and .00075 WL. The WL-ratio of 0.52 i s  somewhat lower than the  

in t eg ra t ed  value,  

when concentrat ions of radon and radon daughters were usua l ly  

lowe r . I3 

were obtained with in tegra ted  an 

January 1980 through March 1980. Except f o r  the  loca t ion  a t  

Monterotondo, the  in tegra ted  working l eve l  values  a r e  about t h ree  

times higher  than those obtained with grab samples. 

obtained during the  period from October 1977 through November 1978, 

are shown in Fig. 5 .  The histogram shows a pronounced seasonal 

The grab samples were obtained during the  day time 

This i s  more evident  from da ta  l i s t e d  i n  Table 4 which 

grab samples during the  period from 

The monthly average radon concentrat ion and working l eve l  values  

- 
v a r i a t i o n  very s imi l a r  t o  the  

13 and New York. 

CONCLUSIONS 

Radon f l u x  from the  groun 

seasonal p a t t e r n  observed i n  New Je r sey  

i n  the  Boraciferous region i s  one ha l f  

of t h e  t o t a l  r e l ease  from cool ing towers. However, a t  present  i t  i s  

impossible t o  dis t i r iguish the  environmental impact of the  production 

p l an t s  from the  na tu ra l  radon exhalat ion i n  the  area.  

Measurements o f  radon concentrat ion and working l eve l  a r e  wi th in  

the  range t h a t  i s  considered normal f o r  o the r  geological  a reas .  
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Table 4. Working Level Values by Integrated Samples and Averaged Grab 
Samples During the  Period Between Jan. 1980 through March 
1980 f o r  Some Sampling S ta t ions  

LJ 

Sampling Period Period Period Period 
S t a t  ions 118 - 1/21 1/21 - 214 2/18 - 313 313 - 3/17 

WL WL WL WL 

* * 
Lago . O O l  - 
Sasso .002 - 
Monterotondo .001 .0008 
Serrizzano .002 .0006 

* * * Jrk * Jrk 

.0016 .0004 - .0006 .002 .0004 

.0021 .0004 .001 .0005 .0007 .0004 

.0005 .0006 .0006 .0005 .0008 .0004 

.0007 .0005 .0008 .0005 .0013 .0004 

* Integrated Samples 

** Averaged Grab Samples 

.3 
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Fig. 5 .  
monitoring locat ions i n  Larderello.  

Average monthly concentrations f o r  seven 
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.. 

The frequency distributions of radon concentration and working 
level plotted in Fig. 3 appear to follow nearly parallel log normal 
distributions. 
attributable to change in radon flux from the soil and to local wind 
forces, and therefore are not a consequence of the geothermal activity 
in the area. 

The- observed seasonal variations are perhaps 
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H2S ABATEMENT .FOR GEOTHERMAL POWER PLANTS 
FOCUS AT THE GEYSERS, CA 

1 Energy Division 
o Operations Office 
tment of Energy 

Hydrogen sulfide (H2S) gas is oft 
resourceb. This gas is colorless, 
eggs and can be extremely toxic in 
ppmw for sustained period of time 
significant quantities of e H2S. 
occurred (908 MW on-line) noticeable amount of H2S has been released to 
the environment. 'The odor of H2S has prompted local opposition to geothermal 
development from citizens downwind of the resource. While ambient concentra- 
tions have been below toxic levels, local opposition combined with occasional 
violations of' the State Ambient Air Quality Standard of 30 ppb have resulted 
in strict local air pollution control district regulations. Acceleration of 
geothermal development is jeopardized by implementation of these regulations 
which may result in permit delays or even denials. Of all the environmental 
concerns associated with geothermal development, H2S emissions are consist- 
ently ranked high. r power plants was ranked 
Number 1 in priority for environmental rols research by the U.S. Inter- 
agency GeothermaT Coordinating Council Environmental Controls Panel. 
Abatement technology has been develo 
levels . 

d associated with geothermal 
a distinct odor similar to rotten 
concentrations (greater than 400 
e Geysers resource contains 

Since large scale power production has 

In fact H2S control 

to control emissions to acceptable 
More 'research and development is needed, ,however, to economically 

and environmentally-acceptable manner. 

-resource range f 

d. Recent data indicates that 

5'to 1600 ppmw with 
Thus concentrations vary from well-to-well 

on of the Geys 
less stringen 

s resource ("50 ppmw). 
for power plants located 

lis, steam ~ 

'plant off-gas eje oling towers, 
om plant outages (emission source is 
s are the most 
ted emission ra uting up to 88% of 
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partitions in the gas and liquid phases in the power plant condensers. 
Ideally all the H2S would be exhausted by the off-gas ejector to a con- 
ventional abatement system and no HzS would dissolve in the condensate. 
Since dissolved H2S always appears in the condensate to some degree, 
abatement has had to be applied in the liquid cooling system. The par- 
titioning is dependent on the pH and condenser design. 
in the resource, controls the pH. Higher ammonia concentrations increase 
the pH and dissolved H2S found in the cooling water. 
emissions occur upstream of the power plant during outages. 
cannot immediately shut in wells when a plant goes out. 
cycling shock resulting from shut in could result in a loss in well produc- 

Ammonia, prevalent 

Steam stacking 
Steam suppliers 

Thermal/pressure 

tivity. 5 

Various approaches to controlling H2S at the Geysers have been tried, some 
more successfully than others. Pacific Gas and Electric Company (PG&E), the 
only operating utility at the Geysers, has been involved in developing power 
plant abatement technology. 
controls for steam stacking. 
largest emission sources is an upstream (of the turbine) system. 
upstream process allows continuous abatement whether or not the power plant 
is on line. 
blades. 
be effective for power plant emissions control. 
however, must be understood and predicted to allow proper design of down- 
stream abatement systems. 

There are two current power plant H2S abatement systems in operation at 
the Geysers: 
units and the Stretford-Peroxide-Surface Condenser (SPSC) system on new 
units. 
ing units with direct contact condensers. 
water oxides H2S to sulfur and insoluble ferrous sulfide. 
to scrub H2S in off-gases back into solution. 
the iron catalyst. but 
corrosion, sludge fouling, waste treatment/disposal requirements and high 
chemical costs have precluded full acceptance of this system by PG&E. 
The SPSC is also a downstream system. The Stretford Process itself controls 
H2S emitted through the off-gas ejector. H2S is absorbed in an alkaline 
solution such as sodium bicarbonate or caustic and oxidized to elemental 
sulfur by sodium vanadium trioxide. 
technology for H2S control at oil and gas refineries. 
removal efficiencies on incoming H2S. 
are however dependent on the partitioning. 
will be emitted in the cooling towers. To maximiz 
the Stretford, PG&E uses sur ondensers rather 
densers. By reducing the am f steam in conta 
dissolved H2S is minimized 
than adequate and supplem 
cooling tower emissions c 
improve the reaction). 

Steam suppliers at the Geysers are developing 
The optimal solution to controlling the two 

An 

An upstream process will also reduce H2S corrosion of turbine 
Downstream systems, while not controlling stacking emissions, can 

Partitioning of H2S, 

The Iron-Catalyst-Peroxide-Caustic (ICPC) system on existing 

The ICPC is a downstream system that has been retrofitted to exist- 
Ferrous sulfate added to cooling 

Caustic is used 
Peroxide is used t o  regenerate 

Control efficiencies of 90% have been reported 6 

The Stretford is conventional 
It can achieve 99+% 

Overall geothermal plant efficiencies 
H2S remaining in the condensate 

has been less 
nt has been required for 

ought’ abatement efficiencies 
11 amounts oi a non-ImC iron catalyst 
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up to 99+% without the corrosion and sludge problems associated with the 
ICPC. 
("'$7OOK/yr). 
reducing abatement costs. 

Reagent chemical 'costs are very high for this supplementary abatement 
Elemental sulfur produced by the Stretford is sold, somewhat 

No solid waste disposal problems result from the 

Research on another abatement system was initiated in 1976 by the EIC Cor- 
poration (now EIC Laboratories , Incorporated) under U.S. Department of Energy 
(DOE) funding. The EIC Copper Sulfate Drocess '(tradename: Cuprosul) . 
controls H2S by means o he following reactions: 9 

cuso4 
___) Cul+gS + H2SO4 + SO 

The copper sulfides formed are oxidized back to copper sulfate in a regener- 
ator. 
control technologies, ICPC and SPSC. 
controls steam stacking and power plant emissions in total. 
retrofitted to existing power plants without requiring power plant shutdown 
as would be required with SPSC (to replace the condenser). 
products (ammonium sulfate and boric acid) produced can either be reinjected 
or recovered, separated and sold reducing solid waste disposal problems. 
Make-up chemical feed rates are low making chemical costs more attractive 
than ICPC. 
H2S corrosion of turbine blades is reduced. 
tests at PG&E Geysers Unit 7 ,  under a Cooperative Agreement between PG&E, 
U.S. DOE and U.S. Environmental Protection Agency, accomplished removal 
efficiencies up to 99.9%. 
respects. 
plant have been reported to be 3.6 mill/kwh compared to 6.2 for ICPC and 4.2 
for SPSC. lo 
and auxiliaries, as well as entrainment of chemical compounds in the scrubber 
exhaust steam marred an almost perfect field test. 
unresolvable. 
Geysers Unit 7,  will use a titanium clad scrubber to resolve corrosion and a 
more efficient demister system to resolve entrainment problems. 

The search goes on as researchers advance the state-of-the-art. 
presently funding H2S abatement research at UOP, Incorporated. 
process utilizes a catalyst to oxidize H2S in a similar manner to the UOP 
Sulfox Process. 11 
are being researched for improving partitioning and thus increasing total 
performance of a Stretford (or other off-gas treatment) system efficiency. 

Cuprosul potentially offers several advantages over the best available 
First it is an upstream system that 

It can be 

Soluble by- 

Ammonia, arsenic and boron are controlled to reasonable degrees. 
Recent 1/10 scale pilot field 

Regeneration met or exceeded expectations in all 
Total operating costs for Cuprosul abatement on a 110 mw power 

There were some problems however. Corrosion in the scrubber 

Neither problem is 
The first commercial Cuprosul, now being developed for 

DOE is 
Their 

Results thus far have been encouraging. Two approaches 
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Research at the Lawrence Berkeley Laboratory (LBL) sponsored by PG&E has 
resulted in the development of a chemical equilibrialand transport model 
computer code for modeling chemical partitioning.and transport in the off- 
gas ejector, condenser and cooling water loop. This has led to a better 
understanding of the chemical operating characteristics of geothermal power 
plants allowing design of more efficient abatement systems. Condenser 
design modifications to improve abatement have been suggested by LBL. l2 
Coury and Associates, Incorporated have developed an upstream technology to 
separate H2S and allow conventional treatment. 
Electric Power Research Institute support, uses a heat exchanger to condense 
and re-evaporate steam. 
separated 94X of H2S from the steam with a heat transfer coefficient high 
enough to indicate favorable economics . 13 
Many other abatement processes can potentially be applied. 
dered all of the following processes and is or will be researching some of 
the more promising concepts. 

The system, developed with 

During field tests at PG&E Unit 7 the system 

~ ~- 

PG&E has consi- 

Caustic Scrubbing of Steam 
Acid Scrubbing of Steam 
Dow Iron Chelate Catalyst 
Dry Cooling 
Intermediate Heat Exchanger 
Acid Injection into Condensate 
Hydrogen Peroxide/Hydroxyacetic Acid-Iron Catalyst 
Vacuum Stripping 
Catalytic Air Oxidation 
High Temperature 
Ozona t ion 
Chlorination 
Reverse Osmosis 
Takahax 
Selectox 
Incineration 
Fluidized Bed l 4  

PG&E and DOE plan to continue research and development on new abatement 
techniques that will improve the state-of-the art and allow geothermal 
development at the Geysers to continue. 

LJ 
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SEISMIC MONITORING I N  ITALIAN GEOTHERMAL AREAS 
I. SEISMIC ACTIVITY I N  THE LARDERELLO TRAVALE REGION 

F. Batini ,*  C. Bufe,? G. M. Camel'i,* 

R. Console? and A. F i o r d e l h i * .  

1. INTRODUCTION 

Natural seismic a c t i v i t y ,  c h a r a c t e r i s t i c  of g 

be modified when changes i n  the  fluid-thermodynam 

, i n  the  subso i l ,  brough out  by production and re 

f l u i d s .  I n  f a c t ,  it h een seen t h a t  f a u l t s  may 

of seismic a c t i v i t y  i f  the  pressure of f l u i d s  is 
i c a l l y  a c t i v e  areas 'and t h a t  shallow earthquakes 

a subsequent reduct ion of the  "e f f ec t ive  normal stress" (Healy e t  a l .  
1968; Teng e t  a l .  1973; Raleigh e t  a l .  1972). I n  order to meaeure t h e  

e f f e c t s  of v a r i a t i o n s  i n  the  pore pressure on na tu ra l  seismic 

a c t i v i t y ,  a seismic network was i n s t a l l e d  about four  years  ago i n  t h e  

Lardere l lo  Travale geothermal region and i n  t h i s  repor't we w i l l  

d i scuss  the  r e s u l t s  obtained during the  period extending from March 

1977 t o  June 1980. 

2. GEOLOGICAL-STRUCTURAL DESCRIPTION OF THE LARDERELLO-TRAVALE 

REGION 

A geologica l - s t ruc tura l  desc r ip t ion  of the  Boraciferous Region has 

been given i n  d e t a i l  by var ious  authors  (Laza ro t t i ,  1967; Mazzanti, 

1966; Cataldi et a l .  1963; Giannini et  a l . ,  1970; Bat in i  et a l .  1978). 

The outcropping t e r r a i n s  may be grouped under the  following complexes, 

i n  order  of succession from top t o  bottom: 

* ENEL, Unit; Nazionale Geotermica, P i s a ,  I t a l y  

U.S. Geological Survey, Menlo Park, Ca l i fo rn ia ,  USA. 

* I n s t i t u t o  Nazaionale Geofis ica ,  Roma, I t a l y .  
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1) Neoautocton: cons i s t ing  of l a c u s t r i n e  and marine and lagoon 

depos i t s  of t he  Upper Miocene and Pl iocenid marine sediments which 

a r e  predominantly clayey. 

u n i t s  be  low. 

It t ransgresses  i n t o  almost a l l  of the  

2)  Nappes of  "Liguridi" (a.s.1.): to  these belong formations i n  

f ly sch  "facies" and of i o l i t e s  of Cretaceous t o  ne age. This 

ies on the  t ec ton ic  u n i t s  described below. 

3 )  Tuscan Nappes f t h i s  i s  the  well-known Triassic-Oligocenic sequence 

t h  'predominantly carbonate mesozoi 

d terr igenous formations from Cret 

formations i n  the  basal  pa r t  

eous t o  Oligocene i n  the  

. .  

upper p a r t . ^  T h i s * t e c t o n i c  un i t  i s  f requent ly  present  with an 

e sequence o r  with only the  anhydri te  format ion 

The la t te r ,  conne t o  dolomite and te  brecc ias ,  forms 

the  base of the  un i t .  

t o t a l l y  absent.  

Nappes and the  reg iona l  basement mainly i n  correspondence of 

Cas telnuovo-Laraerello and Serrazzano area .. 

I n  some a reas ,  t he  "Tuscan Nappes" are 

Tectonic wedges a r e  present  between the  Tuscan 

se formations sen t  i n  the upper p a r t  of l 

and , p h y l l i t e s  . a t t r i  o t he  pre-carboniferous. I n  

* the  lower p a r t  (over 3000 meters  deep) 

gneiss  formations. A l l  these  t ec ton ic  u n i t s  l i e  i n  conformity on 

f ind  mica-schists and 

- 

a sur face  of d i scon t inu i ty  which, a t  

been detected by means of seismic r e f l e c t i o n  

The , tec tonic  i s  charac te r ized  by two s t y l e s .  

ing . 
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- t he  f i r s t  being p l i c a t i v e ,  has determined a series of fo lds  

general ly  or iented i n  an appennine d i r e c t i o n  with an a x i a l  

dipping toward NW; 

- t he  second being r i g i d ,  has led t o  the  formation of a series 

of f a u l t s  which c u t  the  folded s t r u c t u r e s  which have 

previously formed i n  d i f f e r e n t  d i r ec t ions .  The prevai l ing 

d i r ec t ions  are appennine (NW-SEI and anti-appennine (NE-SW) 

(Fig. 1). 

The s t r u c t u r a l  s i t u a t i o n  created a t  t he  end of t he  t ec ton ic  movements 

described is represented by "horst" and "graben" s t r u c t u r e s ;  t he  

l a t t e r  have f o r  t he  most p a r t  given r ise  t o  sedimentation basins,  

during the  marine invasion of t h e  Miocene and t h e  Pliocene. 

3 .  SEISMOGRAPHIC COVERAGE 

Seismographic monitoring i n  the  Larderello-Travale geothermal 

region w a s  begun i n  June 1976 with the  i n s t a l l a t i o n  of t h ree  permanent 

seismographic s t a t i o n s  (CLSE; N I N I  and SDAL). Subsequently, seismo- 

graphic coverage has been increased (Fig.  21,  but new s t a t i o n s  w i l l  

have t o  be set  up i n  order t o  b e t t e r  con t ro l  seismic a c t i v i t y  i n  the  

Larderello-Travale geothermal region which i s  c u r r e n t l y  being explored 

and exploited.  Each s t a t i o n  c o n s i s t s  of a seismometer type Willmore 

MXIII A/S of 1 sec period and with the  gene ra to r ' s  constant average 

> 450 V/m/sec. 

The seismic s i g n a l ,  amplified and frequency modulated, is  

t ransmit ted v i a  r ad io  t o  multi-channel analogic magnetic tape recorder  

which records s igna l s  with a maximum frequency of 16 Hz. 

4. Data Analvsis 

The determination of the  foca l  co-ordinates of the  seismic events 

recorded by the  network i s  done by means of t he  Hypoellipse program 

(Lahr, 1979) based on a model of layered ea r th  which d i f f e r s  from one 

I 
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SEISMIC UONlTORlNG IN ITALIAN GEOTkERMAi AREAS ( ld  Part) 

-Ice 

. D "  

Travertine 

mccastrada volcanic group(Rhyo1itic ignimbrites,lavas,etc. + + +  

Pliocene 
UsMiocene 
EOCenii E, Shales,marls,lbaestones,ophiolites.etc ("Argille scag1iose"- 
u. Jurassic 
oliaocene 

a Clays, sands, conglomerates,dtc. (Group 1) 

flysch-lades formations) (Group 2 )  
~=--=-r ukosic sandstones (mcigno) and varicolored shales _--_ 

.cretaceous -- (Scaglia) (G:Oup 3) 
u. Jurassic 
u.Triassic _.- ljmestones and magnesian limestones with anhydrifie layers(group 4) 

-ldiolarites,marls,cherty limestones,&s;i;e limestones, Stratified 

U-Triassic Kqm.1 Schistose-quartzitic formations (Basement) (Group 5) 
carboniferous 

Fig. 1. Location and schematic geological map of the Larderello-Travale region. 
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s t a t i o n  t o  another and is  reconstructed on the  bas i s  of geologic 
L d  

( s t r a t ig raphy  of the  we 

and r e f l e c t i o n ,  sonic- logs)  knowledge (Table 1). 
1 as well  as geo c a l  (seismic r e f r a c t i o n  

The mean square 

e r r o r - o f  the  r e s idua l  t r a v e l  time is  l e s s  than 0.1 sec.  f o r  over 80% I 
o f  the  events  while the determination of the  focal  co-ordinates is 

done with a n - e r r o r  2 1 km on the  ho r i zon ta l  plane and Z 2 km a t  depth. 

I I n  order  t o  render the  focal  loca t ion  more accura te ,  an attempt has 

been made t o  use a more advanced computing program, based on a three-  

-dimensional c r u s t a l  model (Alessandrini  - Levato, 1980). The def in i -  

t i o n  of  t h i s  model €or the  Larderello-Travale geothermal region is 

s t i l l . b e i n g  worked on. 

The magnitude of l oca l  seismic events is  determined using an 

empir ical  equation which t ies it t o  the  t o t a l  dura t ion  of the  event ,  ., 
t b  the  d i s t ance  from t h e - e p i c e n t e r ,  and t o  the  focal  depth (Lee et  a l .  

1972; Lahr et al .  1973). For events  of grea te  gni tude,  a compari- 

son has been made between values  determined w i  he  method described 
I 

I above and values  given by t h e  National Seismic Network, and 

s a t i s f a c t o r y  agreement has been found. 

5 .  SEISMIC ACTIVITY 
- 

as been s tudied  taking i n t o  

cons idera t ion  the data contained i n  t h e  National S e i s m i c  Catalogue, 

by ENEL, for  the 'per iod 1000 - 1975. 

border of an area with an 

extends towards the  cente  f the I t a l i a n  peninsula i n  a 

Larderello-Travale geothermal region is  located on the  western 
- -  

most uniform seismic a c t i v i t y  which 

ig .  3 ) .  The e n t i r  s t r i p )  b e l t  between the  Tirrenean Sea and 

ennines which runs ong the  l i n e - o f  L i  rno, mssa Marit t ima, 

up -to Monte Amiata, i s  an almost aseismic a rea  or one ,with very 

moderate seismic a c t i v i t y .  

thermal area shown ' in  the  small  square,  even though earthquakes of 

high i n t e n s i t y  I X o  - Xo ( p r i o r  t o  1800) on the  Mercal l i  s ca l e  have 

I n  the  iaunediate v i c i n i t y  of the  geo- 

occurred, seismic a c t i v i t y  has  remained moderate and i n  the  last  few 

years  seems t o  have decreased. 
: w  
r .  I 
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Table 1 - Crustal  Model 

STATIONS : M I N I  - CLSE 

. . I  " _  * .  _. " .. 
Velocity Depth. Veloc i ty  Depth. 

km/sec km km/sec km 

3.800 0. 3.000 0. 
5.100 0.150 5.100 0.440 
6 . 2 0 0 .  3.900 6.200 

STATIONS : QUER STATIONS : CRBE 

Velocity Depth. Velocity Depth. 
km/ sec km km/sec km 

2.800 0 .  
3.800 0.040 
5.100 , 0.240 
6.200 , 3.500 

3.800 
5.500 
5.100 
6.200 

0. 
0.100 
0.800 
3.500 

STATIONS : V C / 1  STATIONS : MDSV 

Vel0 c i t y  
km/ sec 

Depth. 
km 

Veloc it  y 
km/sec 

Depth . 
km 

3.800 0. 4.200 0. 
4.200 0.200 5 500 0.010 
5.500 0.800 5.100 0.800 
5.100 1.100 6.200 3.000 
6.200 3.500 
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Table 1. Crustal Mode (Continued) 

STATIONS : CORN - TRIF STATIONS : LAG0 

Veloc i ty Depth. Veloc i ty Depth. 
km km/sec km km/ sec 

0. 3.200 0. 5.100 

6.200 4.200 6.200 3.500 
5.500 0.010 5.100 0 300 

STATIONS : SELV STATIONS : ACQP 

Velocity Depth. Velocity Depth. 
. km/ sec km km/sec km 

0. 4.200 0. 
0.100 5.100 0.010 

~ 3.800 
4.300 
5.100 0.700 6.200 3.100 

: 6.200 3.400 
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Fig. 3. Epicenters map. 
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The only noteworthy event v e r i f i e d  i n  recent  t i m e s  i s  the  ear th-  

quake a t  Monterotondo on- August 19, 1970 wi th  an i n t e n s i t y  of VIIo 

on the  Mercal l i  s ca l e .  Since the catalogue appears t o  be complete 

from 1880 t o  1975 even f o r  earthquakes of low magnitude (M > 3 1 ,  an 

area which includes the  Larderello-Travale geothermal region has been 

chosen (Fig. 4 )  i n  which t o  attempt t o  make a s t a t i s t i c a l  t ab l e  of 

magnitudes; using , t h e - e m p i r i c a l  equation of Ishimoto-Iida, we have 

obtained a value of "b" equal t o  about 1.5. 

L 

2 

5.2 Present  Seismic Ac t iv i ty  

From March 1977 t o  Ju ly  1980 about 500 events  have been loca ted ,  

almost 400 of which f a l l  within the  geothermal region. 

a c t i v i t y  mknifests i t s e l f  Py sporadic a c t i v i t y  and sequences of events  

which appear i n  c lus . ters  vary i n  magnitude and number. 

t ake  on the  form of 

of earthquakes whic 

from a few seconds t o  severa l  hours,  with an ep icenter  which i s  

r e s t r i c t e d  to 'a small area.  

Seismic 

These r a r e l y  

pica1 mainshock af tershock sequences and cons i s t  

e another i n  a time range which v a r i e s  

i tude  observed during the  above mentioned period 

was 3 . 8 .  From i s t r i b u t i o n  of ep icen te r s  (Fig,  5 )  it may be con- 

a c t i v i t y  i s  present  throughout the  e n t i r e  . 
Larderello-Travale geothermal region,  but i n  c e r t a i n  areas the re  i s  a 

g r e a t e r  concentrat ion.  

These areas a r e  located a t  the  borders of the  geothermal region 

and coincide with areas whose exp lo i t a t ion  has begun i n  recent  times. 

A t  any r a t e ,  it is noteworthy t h a t  only i n  t h e ' l a g o  area (SW of 

Lardere l lo)  does the  release of tension come about i n  a r egu la r ,  con- 

r. During the  period of observat ion here  considered, i t  

to  s i n g l e  out i so l a t ed  spo t s  of se i smic i ty  even i n  a reas  

not  se i smica l ly  a c t i v e  ( i . e . ,  the  immediate v i c i n i t y  of well  

"Sasso 22" d r i l l e d  during the  period 1978-1979 t o  a depth of more than 

4/km). The pro jec t ion  of t h e , f o c i  on v e r t i c a l  planes running N-S and 

~ E-W (Figs.  6-7) demonstrates t h a t  earthquakes take place almost 

t o t a l l y  wi th in  8 km and predominantly a t  3-4 km. 
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SEISHIC MONITORINQ IN ITALIAN G E O T H E W  L AREAS ( i e t D a r t j  

FREQUENCY MAGNITUDE RELATION 

Larderello - Travale 
(7 - 77 + 6 - EO) 

0 
0 

0 
0 

0 
0 

Fig. 7. Frequency magnitude relation Larderello-Travaie areas. 
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It is  i n t e r e s t i n g  t o  note the  abrupt i n t e r rup t ion  i n  se i smic i ty  
, -  - - .  

u 
i n  spond t o  l i m i t s  of the  Lardere l lo  geothermal f i e l d  

(Figs.  6-6a) and a pr 

zone corresponding t o  the  

ng of the  f o c i  i n  the  eas t e rn  

i e l d  of Travale. 

The scarce  se i smic i ty  observed i n  the  c e n t r a l  p a r t  of the  region 

may coincide with a l e s s  f rac tured  zone which may c o n s t i t u t e  an 

eventual b a r r i e r  between the  two geothermal f i e l d s .  

.5.3 Magnitude - Frequency Relat ionship 

The magnitude-frequency histogram has been'drawn up f o r  t he  events 

, l o c a l i z e d  i n  the  a rea  indicated i n  the  square i n  Fig. 3 over a three-  

year  period extending from J u l y  1977 t o  J u l y  1980. 

(Fig. 7 )  p resents  t h ree  d i s t i n c t  elopes: 

be a t t r i b u t e d  a t  least p a r t l y  t o  qtrumental de t ec t ion  f a c t o r s ;  t he re  

The histogram 

the  f i r s t  f o r  M >  1.8 may 

1 i s  then a s t re  ch goes from 6 8  > M > 3.3 which may be approxi- 
mated by the  s t r a i g h t  l i n e  whose equation is: 

Log N 3.42 - 0.76 M 

F ina l ly ,  f o r  M > 3 . 3  w e  see an abrupt increase i n  the  s lope  which 

*corresponds t o  a "b-value" of about 1.66. Similar  lack of l i n e a r i t y  

has been found i n  s tud ie s  done on microseismicity (6 Sca lera ,  1980, 

Analysis of t he  "b" pa ameter; Seeberg, personal communication). 

same t y p e  of histogram (Fig.  8 )  has beeq constructed from the  events 

which took place during the  same period Qf observat ion i n  a more 

r e s t r i c t e d  a rea  indicated i n  Fig. 3,  Lago (SW of Lardere l lo) .  

I n  t h i s  case  the s t r e t c h  which r u n s ' f  1-8- 3.3 may be 

The 

approximated by the  s t r a i g h t  l i n e  with t h  allowing equation: 

3.97 - 1-19 M 

The value of b (1.19) which we f i nd  i n  t h i s  l a s t  case is  notably 



36 

2.5 

2.0 

1 .O 

0.5 

SE:SMIC MONITORING IN ITALIAN GEOTHERMAL AREAS ( lSt part) 

(7-77 i , 6 4 0 )  

0 
0 0  

0 
0 0  

Fig. 8. Frequency magnitude relation Lago area. 
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This may be connected,to a geological  s i t u a t i o n  which i s  

: p a r t i c u l a r l y  favorable  t o  the  r e l e a s e  of energy with mechanisms 

character ized by low tension. 

of o ther  geothermal a reas  (Marks e t  a l .  19.781, i s  genera l ly  associated 

with a high grade of f r ac tu r ing  of rocks and i n  some cases  with 

induced seismic a c t i v i t y  (Gupta - Rastogi,  1976). 

t o  about 1.5, drawn from da ta  i n  the  National Catalogue of earthquakes 

which took place from 1880 t o  the  present  i n  the  a r e a  shown i n  Fig. 3, 

i s  comparable t o  t h a t  ca lcu la ted  on the  bas i s  ;&Of events with M > 3.3 

This value of "b", c h a r a c t e r i s t i c  a l s o  

A "b" value equal 

'which took place during the  observat ion period (1977 - 1980) i n  the  

area shown i n  the  l a r g e r  square;  t h  

abnormal behaviour with respec t  t o  

na t iona l  t e r r i t o r y  (b Y 0.9) (Jaccar ino,  1968). 

verage 'va lue  found i n  the  

1 ,  ~ 

L. . 
6. FOCAL MECHANISMS 

The foca l  mechanism has been determined employing the  class ' ical  

method based on an ana lys i s  of the  f i r s t  motion recorded. 

program has been u t i l i z e d  (Wickens, Hodgson, 19671, adapted t o  the  

present  problem, which determines t h  

with r e l a t i o n  to  the  input  da ta ;  

A computing 

t o r i e n t a t i o n  of nodal planes 

Given the  low energy re leased  by the  s i n g l e  seismic events  

: v e r i f i e d  i n  the  a rea  s tudied during the  pas t  th ree  years ,  it has been 

impossible t o  u t i l i z e ,  i n  order to determine foca l  mechanisms, data 

' from s t a t i o n s  which do not belong t o  the  loca l  network a t  Larderel lo .  

The scarce  number of $ava i l ab le  s t a t i o n s  and t h e i r  loca t ion  

respec t  t o  t he  events  has l imited the  r e l i a b i l i t y  of the re 

n ana lys i s  of the  f i r s t  mo ns of every s i n g l e  

t ab le  so lu t ions  of f a u l t  planes,  the  

omposit) plane so lu t ions  method has been used, 

applying it ' t o  earthquakes o r i g i n a t  
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The r e s u l t s  shown i n  Fig. 9 are the  most representa t ive  f o r  t he  

whole region according t o  the  present  seismographic coverage. 

p a r t i c u l a r  the  following fea tures  are evidenced: 

I n  

0 frequent mechanisms of normal f a u l t s  with appennine d i r e c t i o n  

(NW-SEI and antiappennine (NE-SW). 

0 s t r ike - s l ip s  f a u l t  mechanisms with the  a x i s  of maximum 

compression t rending approximately NW-SE. 

7. SEISMICITY - EXPLOITATION OF GEOTHERMAL FIELDS 

A comparison between se ismic i ty  and a c t i v i t y  connected t o  

exp lo i t a t ion  of a geothermal f i e l d  ( ex t r ac t ion  and i n j e c t i o n  'of f l u i d s  

a t  depth, d r i l l i n g  of deep w e l l s  i n  t o t a l  l o s s  of c i r c u l a t i o n ,  

s t imula t ion  of s te r i le  wells,  e t c . )  has  been attempted i n  order  t o  

e s t a b l i s h  i f  and how these a c t i v i t i e s  modify the  stress release 

mechanisms of the  Larderello-Travale region. 

quant i ty  of  f l u i d s  extracted and in jec ted  i n  the  subsoi l  has been 

compared with the  seismic energy which is  re leased  every month. 

The da ta  concerning the  

From the  histograms reconstructed f o r  t he  Larderello-Travale 

geothermal region (Fig. 10) the  seismic energy was re leased  as a 

l i n e a r  funct ion of t i m e  u n t i l  May 1979, when a sharp increase of 

se i smic i ty  occurred. This increase can not be co r re l a t ed  t o  e i t h e r  

t h e  quant i ty  of f l u i d s  in jec ted  o r  t o  production of  f l u i d  o r  t o  the 

average monthly r a i n f a l l .  

Observing the  va r i a t ions  of the  same parameter f o r  the  Lago area 

(Fig. 111, we can see t h a t  the same pa t t e rn  i n  the  energy histogram 

p e r s i s t s  throughout the period from May 1979 - June 1980. I n  t h i s  

case there  are no sure  co r re l a t ions  between ex t r ac t ion  of i n j e c t i o n  

a c t i v i t i e s  and se i smic i ty .  A t  any r a t e  it i s  noteworthy that ' ,  dur ing 

the  period of March 1978 - January 1980, a deep w e l l  was d r i l l e d  

(Sasso 22) i n  the  Lago area; t he  d r i l l i n g  was performed l a rge ly  i n  

t o t a l  loss of c i r c u l a t i o n  in j ec t ing  la rge  q u a n t i t i e s  of water i n t o  t h e  

w e l l .  The number of seismic events with a magnitude superior  t o  1.5 
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Fig. 9. Representative fault plane 
trends in Larderello-Travale region. 
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SEISMIC MONITORING IN ITALIAN GEOTHERMAL AREAS (la prt) 

. 10. Temporal distribution of seismic energy released, water 
injected, rainfall, steam production. 

C 
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i 

Fig. 11. Temporal distribution of seismic energy released, water 
injected, rainfall. 
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increases  gradual ly  as  the depth of the  well reaches about 3000 m 

(Fig. 12) u n t i l  the  end of d r i l l i n g  when the  se i smic i ty  goes back t o  

the  previous leve ls .  

A c e r t a i n  r e l a t ionsh ip  between se ismic i ty  and quant i ty  of f l u i d  

i n j e c t i o n  may be found i n  a reas  outs ide  the  Lago-Sasso 22 a rea  also.  

However, it is  not possible  with our present  knowledge t o  genera l ize  

a cause-effect  r e l a t i o n s h i p  between i n j e c t i o n  of water and induced 

earthquakes i n  those area.  

I n  f a c t ,  from Figs.  13, 14, and 15 one can d i s t ingu i sh  three  

d i f f e r e n t  cases:  

i n  the  Travale area (Fig. 13) a f t e r  

of se i smic i ty  was detected.  

i n  the  Gabbro-Bulera a rea  (northern 

(Fig. 14) a se i smic i ty  increase  did 

water i n j ec t ion .  

water i n j e c t i o n  an increase  

pa r t  of the  region)  

not always occur a f t e r  

i n  the  Larderello-Castelnuovo area ( c e n t r a l  p a r t  of the  region,  

Fig. 151, there  is no c o r r e l a t i o n  between water i n j e c t i o n  and 

seismic energy re lease .  

8. CONCLUSIONS 

Based on the  da t a  obtained from monitoring of seismic a c t i v i t y ,  

it can be confirmed t h a t  t h i s  a c t i v i t y  has concentrat ions of 

ep icen te r s  i n  p a r t i c u l a r  areas  such as Lago, Travale ,  Bulera. 

The s p a t i a l  d i s t r i b u t i o n  of the f o c i  suggests a c o r r e l a t i o n  

between seismic a c t i v i t y  and geological s t r u c t u r e  individual ized by 

means of sur face  inves t iga t ions  or by geophysical prospect ing (g rav i ty  

and seismic r e f l e c t i o n ) .  

4- 5 km, confirms a la rge  amount of f r a c t u r i n g  connected t o  the  

ex is tence  of a c t i v e  f a u l t s  almost c e r t a i n l y  connected t o  the  

geothermal phenomenon. 

The presence of earthquakes a t  a depth of 

bd 
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SEISMIC MONITORING IN ITALIAN GEOTHERMAL AREAS 
(1st part) 
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DEPTH 

- - - -  CUMULATIVE NUMBER 

OF EVENTS ( t l>  1 . 5 )  
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Fig. 12. Sasso 22 deep-well, Depth vs seismicity. . 
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SEISMIC MONITORING IN ITALIAN GEOTHERMAL AREAS (le put) 
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Fig.,13. Temporal distribution of seismic energy released, water 
injected, rainfall. 
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! 

. 7e  

.2¶ 

46 

U 

e--* 

SEISMIC MONITORING IN ITALIAN GEOTHERMAL AREAS (1" part1 
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Fig. 15. Temporal distribution of seismic energy released, water 
injected, rainfall. 
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The study of focal  mechanisms gives  us some information on ' 

L, poss ib l e  d i r ec t ions  and 

the  geologica l - s t ruc tura  ta. It has been possible  t o  recognize 

normal f a u l t  mechanisms. with sub-vert ical  i n c l i n a t i o n s ,  and, t o  a 

lesser degree,  s t r i k e - s l i p  f a u l t  mechanisms from which we can see t h a t  

the  d i r e c t i o n  of maximum compression is  the  anti-appennine one 

(SE-NW) . 

i na t ions  of the  f a u l t s  which agree with 

~ 

Given the  l imited amount of t i m e  during which the  seismic 

monitoring has been ca r r i ed  out ,  it i s  not ye t  poss ib le  t o  f ind  a 

c e r t a i n  r e l a t i o n s h i p  of cause and e f f e c  

fluid-thermodynamic parameters. i 

between Seismic a c t i v i t y  and 

As a matter of f a c t ,  even f some phenomena loca l i zed ,  i n  space and 

time (Sasso 22, Bulera,  Travale)  allow us t o  see  an inf luence of the  

i n j e c t i o n  of f l u i d s  i n  the  subsoi l  on the  se i smic i ty ,  there  i s  a l s o  

evidence of no c o r r e l a t i o n  i n  o ther  p a r t s  of the  region (Larderello- 

Travale).  These f a c t s  lead us t o  make some hypotheses. 

I n  the  Larderello-Castelnuovo a rea  the  water,  i n j ec t ed  i n  a steam 

dominated r e se rvo i r  r ap id ly  passing i n t o  a gas phase, does not cause 

appreciable  v a r i a t i o n s  i n  the hydrodynamic e q u i l i b r i a .  

On t h e  contrary i n  water dominated r e se rvo i r s ,  a s  i n  Bulera- 

Gabbro, Travale ,  Sasso 22 areas, even small amount 

can cause not icea  pore pressure ' ions.  I n  p a r t i c u l a r  t ec ton ic  

condi t ions ,  such 

stress, modify the  stress 

, 

, 
f water i n j ec t ed  

ar ia  t ions diminishing the  e f f ec  t ive  normal 

e l ease  condi t ions.  
I 

a t u r a l l y  the  resul ts  and cons idera t ions  presen 

o t  d e f i n i t i v e ;  more conclusive results ma 

in t h i s  r e p o r t  I 
1 e obtained when we 

reach a g r e a t e r  accuracy i n  the  d 

accura te  de mechanisms w e poss ib le  employing 

ions when more information is  

a v a i l a b l e  from s p e c t r a l  ana lys i s .  

a period of observat ion long enough t o  get  a b e t t e r  knowledge of 

temporal c o r r e l a t i o n  between seismic a c t i v i t y  and p 

t o  the  a c t i v i t y  of the  f i e l d .  

Las t ly  it w i l l  be necessary t o  have 

connected 
I .  
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SEISMIC MONITORING I N  ITALIAN GEOTHERMAL AREAS 

11. SEISMIC ACTIVITY I N  THE GEOTHERMAL FIELDS 

DURING EXPLORATION . 

F. B a t h i , *  G.M. C a m e T i , *  E. Carabe l l i J t  

and A. F io rde l i s i "  

1. INTRODUCTION 

The I t a l i a n  a reas  of geothermal i n t e r e s t  a r e  

densely populated zones and very o f t en  near cent; 

a r t i s t i c  renown. 

by explora t ion  and exp lo i t a t ion  of ' these geothermal resources becomes 

of  p a r t i c u l a r  importance, demanding a considerable  e f f o r t  on ENEL's 

p a r t  (Index Map). 

f h i s t o r i c a l  and 

Consequently, monitoring of seismic a c t i v i t y  induced 

Work began a few years  ago on s e t t i n g  up a microseismic cont ro l  

network i n  each of the  l o c a l i t i e s  involved i n  deep explora t ion  f o r  , 

geothermal purposes. Wherever possible  the  network w a s  i n s t a l l e d  

before  d r i l l i n g  began i n  order  t o  obta in  a preliminary p i c t u r e  oft the  

na tu ra l  background noise.  

A s  the  control  system had t o  be p u t  i n t o  operat ion 'as quickly as 

poss ib le  and c rea t e  a minimum of opera t iona l  problems, i t  was decided 

t o  begin with an analogic instrumentat ion,  which i s  economic, 

autonomous, and easy t o  i n s t a l l .  The instrumentat ion,  described i n  

the  f i r s t  p a r t  of our repor t  , provided a continuous , comprehensive 

monitoring of a l l  the loca l  and regional  seismic a c t i v i t y .  

This r epor t  w i l l  present  and discuss  the  da t a  recorded from t h e '  

beginning of the  survey t o  June 1980. 

seismic a c t i v i t y  as  well  as  t o  events recorded during production and 

i n j e c t i o n  tests i n  some wells.  

The da ta  r e f e r  t o  na tu ra l  

* .  

* ENEL - UNG (P i sa )  

+ ISMES - (Bergamo) 
- .  . ,. ,. 

G 



ti 

49 
- 

ITALIAN QEq&lERM-\L AREAS 
I2 pro. 

I N D E X  M A P  

8 L.rderollo - Trrmle 

Torre A b  



50 

cr: 
2.  GEOLOGICAL BACKGROUND AND PAST SEISMIC ACTIVITY 

The three  geothermal a reas  covered by the  passive seismic surveys,  

Toree Alf ina ,  Latera  and Cesano, a r e  located within the  pre-Apenninic 

Tyrrhenian b e l t  of c e n t r a l  I t a l y .  

The zone i s  character ized by an in tense  recent  volcanic a c t i v i t y ,  

the latest phases of which da te  back t o  a few tens  of thousands of 

years  ago. 

the  study a reas  and comprise mainly py roc la s t i t e s  and -lava. 

volcanic  formations are layers  of Neogenic sediments and a th ick  

f lysch  f a c i e s  allochthonous complex t h a t  forms the  cover of the  

po ten t i a l  geothermal r e se rvo i r ;  the  l a t t e r  i s  made up of u n i t s  of 

Mesozoic carbonate "basement . 'I 

The products of t h i s  a c t i v i t y  extend throughout almost a l l  

Below the  

The compressional t ec ton ic s  a f f e c t i n g  the  whole zone u n t i l  the  Mid 

Miocene led t o  the  emplacement of the  allochthonous cover t e r r a i n s  ; 

the  subsequent tensional  phases created two main displacement d i rec-  

t i ons ,  of  Apenninic (NW-SE) and anti-Apenninic (SW-NE) t rend.  The 

tensional  phase reached i t s  peak a t  the  end of the  Pliocene but is  

s t i l l  p a r t l y  ac t ive ;  the  youngest volcanotectonic  events  of the  

Quaternary a r e  connected t o  t h i s  phase. 

The seismic h i s t o r y  of the  study zone f o r  the  period 1900-1975 i s  

out l ined i n  P l a t e s  1, 2 ,  and 3, which a r e  maps of the  ep icen t r e s ,  

foca l  depths and magnitude va lues ,  respec t ive ly .  Whereas the  Torre  

Alf ina and Latera  f i e l d s  show a c e r t a i n  degree of se i smic i ty  of mainly 

c r u s t a l  o r i g i n  (hypocentres down t o  25 km), with a maximum magnitude 

of 4.7, it is  worth not ing t h a t  no seismic a c t i v i t y  w a s  recorded i n  

the  sa id  period on the  in s ide  of the  geothermal f i e l d  a t  Cesano. 

Note a l s o  the  many seismic c l u s t e r s  i n  the  M t .  Amiata region and 

the  C o l l i  Albani a r ea ,  south-east of Rome; the  la t ter  a rea  w i l l  be the  

subjec t  of fu tu re  explorat ion.  

One can a l s o  note a d i f fe rence  i n  the  degree of s e i smic i ty  of the 

b e l t  neares t  the coas t ,  which has an extensive volcanic  cover and 

seismic c l u s t e r s  concentrated i n  c e r t a i n  well-defined areas, and t h a t  

of the  Apennine r idge ,  whose seismic cent res  have a g r e a t e r  dens i ty  

and are more widely spread. Li 
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3 .  SEISMICITY IN THE TORRE ALFINA AND LATERA AREAS L 
The network a t  Torre Alf ina and Latera  a r e  so c l o s e  t h a t  they w i l l  

be considered as one, a t  least as regards na tu ra l  events. The two 

networks a r e  a l s o  r e l a t e d  by the  same time re ference  s tandard and by 

a seismometric s t a t i o n  recorded on both the  da t a  acqu i s i t i on  centres .  

The seismic events  are c l a s s i f i e d  as "local" o r  "near" according t o  

the  d i f f e rence  between he a r r i v a l  times of the  S and P waves. 

l oca l  events 
ts-tP = 0-3 

near  events  ts-tp = 3-5 sec  

Figure 1 shows the layout of the  two networks; although i n s t a l l e d  

i n  s tages  they have provided an extensive,  de t a i l ed  coverage of 

seismic a c t i v i t y  s ince  1977. The Torre  Alf ina network, f o r  example, 

c o n s i s t s  of 6 geophone s t a t i o n s ,  one of which i s  three-d i rec t iona l .  

There are 10 s t a t i o n s  on the  Latera  network, one three-d i rec t iona l  and 

one hydrophone in se r t ed  170 m deep i n  a borehole. 

Figures 2 and 3 show the  monthly frequency histograms of the  

recorded seismic events. There appears t o  have been no increase  i n  

seismic a c t i v i t y  i n  the  Torre Alf ina a rea  during the  production and 

i n j e c t i o n  tests a t  A 

c o r r e l a t i o n  between increased a c t i v i t y  and s p e c i f i c  tests i n  w e l l  L-2 
i n  the  Latera  area.  

d e t a i l .  

and A4 w e l l s ,  but one can note a c l e a r  14 

This aspect  w i l l  be dealt  with l a t e r  i n  g rea t e r  

Not a l l  the  recorded events could be processed t o  determine the  

foca l  coordinates  as there  were some doubts with regard t o  the  f i r s t  

arr i v a l  s . 
Tables 1 and 2 give  the  da t a  on the  events  recorded f o r  the  two 

areas, while P l a t e  4 presents  the  d i s t r i b u t i o n  of the  ep icen t r e s ,  

showing magnitude and focal  depths projected on a N-S cross-sect ion.  

The hypocentres were determined by means of the  HYPO 71 computer 

program, whereas the  loca l  magnitude values  were ca lcu la ted  with t h e  

Cancani-Sieberg equat ion,  v a l i d  f o r  I t a l y :  

L 
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OPF 

A Torre A U ~ M  

Acguapmdente S 

OCP A 

TORRE ALFNA NETWORK . -no 

R o L S E N A  

- - -  

0 seismometric statlm 
A eelsm. statmn (three component) 
0 acqulaitlm &ta centre 
A deep wel l  

Scale I : 100.000 

Fig. 1. Torre Alfina and Latera permanent networks. 
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Table 1. Torre Alfina Earthquakes - Permanent Network. 
N O  

11 
45 
55 
69 
81 
24 
28 
30 
97 

.le8 
230 
270 
287 
288 
306 
333 
356 
374 
378 
379 
416 
417 
423 
453 
458 
467 

26 
30 
46 
48 
59 
62 

125 
158 
169 
198 
200 
202 
222 
239 
240 
241, 
242 
243 
244 
464 
467 
505 

5 
26 
27 
45 

110 
119 
127 
128 
145 
146 
152 
154 
155 
16 7 

Date 

77. 0 6  25 
77.08.29 
77. 09.21 
77.10.21 
77.12.06 
78. 02. 18 
78. 02.18 
78. 02.18 
78. 03. 10 
78.04.23 
78. 08.05 
78. 08. 22 
78. 08. 24 
78. 08.24 
78. 09.04 
78.09.16 
78.10.03 
78.10. 12 
78.10.15 
78.10. 15 
78.11.10 
78.11.10 
78.11.14 
78.12.18 
78.12. 21 
78.12.27 
79.02. 0 1  
79.02. 09 
79.02.28 
79. 03. 01 
79. 03. 12 
79. 03.14 
79.04.27 
79. OS; 28 
79.06,Ol 
79. 06.24 
79.06.24 
79.06.25 
79.08.02 
79.09.30 
79.09.20 
79.09.20 
79. 09. 20 
79. 09.23 
79.09. 24 
79. 12.16 
79.12.17 
79.12.25 
80.01.04 
80.01.20 
80. 01.20 
80. 01. 28 
80. 03.15 
80. 03.16 
80. 03.23 
80. 03. 23 
00.04.07 
80.04.07 
80.04.19 
80. 04.28 
80.04.30 
80. 06. 02 

Origin. 

02.16 20.00 
06.30 30.14 
13.36 45,30 
18.44 39,87 
02.44 40,15 
01.25 02.82 
01.28 03.47 
01.29 06,65 
2 2 ~ 4 1  33.42 
15.07 50.31 
17.57 47.46 
21.22 33.29 
13.24 22.32 
13.24 57,91 
20.31 07.84 
07.23 47.74 
02.26 02.79 
00.21 17,44 
16.07 36.97 
17.47 23,40 
09202 26.37 
09.02 42.90 
02.06 i i . 0 8  
21.19 52.30 
21.02 01.98 
11.58 04.90 
11.22 08.27 
02.29 57.15 
18.42 29,97 
12.02 21,73 
12.13 57.55 
13.41 37.56 
07.30 02.60 
12.21 37.56 
05.47 38.46 
02.14 36.06 
19.29 42.59 
08.44 38.55 
06.45 35.97 
18.03 47.14 
18.04 22.73 
18.09 15,75 
22.09 57.46 
08.09 19.33 
15.07 35.39 
22.26 52.30 
06.30 33.70 
22.19 13.65 
02.56 28.35 
11.24 03.66 
14.04 13.40 
11.24 03.66 
09.25 42;54 
01.52 46.23 
07.35 49.49 
10.21 59.98 
19.18 10,30 
19.32 32.77 
23.43 25.11 
20.16 51.12 
00.53 07.99 
15.46 U9,Ol 

Lot. fN) 
42: 50.00 
420 48,49 
42, 57,OO 
42 43,67 
42: 42.38 
42, 42.23 
42 42.09 
12; 41.81 
42, 48.15 
42, 41,59 
42, 48.43 

42, 44.26 
42 44.38 
42: 41.92 
42, 41.02 
42 40.95 
42' 40.58 
42; 46.73 
42 ,46,69 
42: 40.91 
42, 40.26 
42, 39.38 
42 43.72 
42: 45.63 
42, 55.15 
42, 43.94 
42, 55,71 
42, 54.33 
42, 43.94 
42, 43.88 
42, 50.26 
42, 53.60 
42, 51.73 
42, 44.27 
42, 47.41 
42 48.90 
42: 56,77 
42, 42.41 
42 41.61 
42: 41.63 
42, 41.62 
42 43.62 
42' 41.76 
42: 41.74 
420 41,50 
42, 56.39 
42 41.88 
42: 41.25 
42, 52.45 
42, 51.86 
42, 52.16 
42, 52.16 
42, 52,18 
42 50.88 
42: 50.4'1 
42, 41,97 
42, 41.98 
42, 52.12 
42, 46.13 
42, 50,93 
42 51,13 

4 . 2 , ~  

*.indicates fixed focal depth solution 

Long. (E) 

11: 39.14 

11, 52.62 
11 45,14 

11: 50.66 

11, 58.49 

11, 51.65 

11, 51,&7 
llo 42.54 

11, 54.32 

11, 50.33 
11 50,85 

11: 49.10 

116 57.63 

llo 55.89 

11, 49,14 
11 50,43 

llo 57.92 

11, 57.62 
11, 48.59 

11, 59.24 

11, 42.16 

11, 58.23 
11, 59.42 

11, 43.04 

llo 41.70 

11, 43.10 

llo 52.54 

llo 58,71 

llo 50,40 
11, 58.23 
11, 56.35 
llo 56.27 
llo 56,31 
11 56.29 
11; 55,89 
11, 56.08 
11, 55.69 
11, 45.25 
12 12.80 
11: 46.96 
11, 40,92 
11, 40.71 
11, 48.63 
11 36.02 
11: 35.67 
11, 37.10 
11, 37,06 
11, 58.31 
11, 58.64 
llo 40.81 
11, 50.18 
11, 40.34 
11 41.24 

llo 51,59 

11, 57.35 

11, 47.21 

llo 55.72 

11: 57,44 

11, 55,91 

11, 50.39 

11, 40.55 

11, 53.55 

ERH 2 ERZ - 5 .0*  - 
1 , 2  2.5 0 , l  - 5,0* - 
2,8 3.6 
1 . 0  4,5 - 5.0 - 5,o - 5.0 - 4.5 
3.0 4.0 
0.9 2.9 - 5.2 
1 .9  2,4 
1.5 2.7 
1.4 3.0 
0 ,3  6,4 
0.6 5 .0  
0.7 
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Table 2. Latera Earthquakes - Permanent Network. a, 

51 
148 
155 
171 

1 
40 
42 
43 
44 
87 
88 
89 

I 

I 
~ 

I 

* ,  n o :  

130 
131 
132 
133 
135 
144 
146 

- 148 
149 

5 

I 

? 

' U  
I 

Date Origin. Lat. (N) Long. (E) ERH 2 ERZ M 
78.12.12 06.33 29.81 428 2 8 , l l  11: 34.76 5.0 12,4 1.5 
78.124 12 06.39 39,96 42, 24.13 - 11, 35.38 5.0 14.6 1.5 
79.02. 28 18.42 11.78 42 53.80 11, 46.10 5.0 33.5 1.3 
79.03. 02 01.17 59.40 42: 37.99 120 01.04 2.5 5.3 10,O 0.6 

79. 05.26 11.20 54.2.7 42, 31,85 11, 47.26 3.2 5.0 50.5 0.6 
79.05. 28 12.21 55.49 42, 51.23 11, 44.94 1.8 8.0 13.7 0.9 

80.01. 04 02.'56 28.35 42: 41.25 11, 46.96 0.3 5.2 0.5 0.9 
80. 02. 20 09.03 37.83 42, 31.99 11, 42.22 1 ,4  5.0 2.4 1,2 
80.02.22 23. 03 21.12 42 31.85 11 42.65 1.3 5 .0  2,s 1.7 
80.02. 23 03.00 49.60 42: 32.03 11:. 42.42 2,3 5.0 2.8 0.9 
80. 02. 23 05.33 53.22 42, 31.97 11, 42.60 2.6 5.0 3,2 0.9 

80.03.15 12.15 26.14 42, 36.75 . 11, 49.07 0.3 0.8 0.2 1.8 

79.03.18 12.24 50.46 42, 40.09 llo 58.50 2 ,4  5.0 6.3 1.3 

79.12.10 23.52 15.76 42 39/90 11, 44.89 1 .0  2.0 4.0 1 , s  

80. 03. 15 11.24 04.27 42, 36.66 llo 49,09 * 0.9 - 1.5 

80. 03. 15 13.59 41.14 42, 36,82 11, 49.09 - 1 . 2  - 1.7 
80.03. 30 08.00 49.67 42, 36.73 11, 49.08 - 1.2 - 1.7 
80.04. 04 20.23 20.68 42, 36.66 11, 49.07 , - 1,Q - 1.6 
80.04.07 09.38 44,08 420 37.37 11, 49.49 0.4 2.3 0.7 1.6 
80.04.07 09.39 31.12 42, 37.41 11, 49.52 . 0.3 2.2 0.5 1,7 
80.04.07 09.39 52.22 420 37.35 11, 49.44 l,l' 1 .7  1.8 1 . 7  

09.40 35.53 42, 37.56 11, 49,58 0 ,4  3.6 0.7 1,7 80. 04.07 
80.04.07 09.41 16.18 42, 37.30 11, 49.84 - 3.0 * 1.7 
80.04. 09 00.39 11.87 42, 37.32 11 49.82 * 2.7 - 1.3 

80.04.15 21.27 05.77 42, 36,72 11, 49.03 - 1 . 0  - ' 1 . 9  

80; 04.12 17.02 31.45 42 36.80 1 11: 49.34 - 1.0  - 1.8 
80.04. 14 20.44 55.74 421 48.15 11, 39.53 1.7 5.0 0.8 1.4 

80,04.15 21.37 35.07 42, 38.84 11, 48,82 
80.04.16 03.32 31.66 42, 38,73 11, 49.05 
80.05.04 05.16 20,03 42, 32i86 11, 45.30 
80.05.05 01.36 04.56 42, 32.13 11, 43.50 0.4 5,0 0'9 1,2 
80. 05. 08 23.07 32.09 48, 32.85 11, 45.32 0.4 6.0 0.4 1,7 
80.05.09 04.54 24.71 42, 32.94 11, 44.71 0.7 5.9 0 , s  1.8 

22.41 05.20 42 41.45 11 55.65 0.4 3.8 O;? 0,6 
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M = 0.481 I + 1.4 IT degree 

, ,, :..where I,?. 7 , ( log  a + 1) with a = acce lera t ion .  

- I  * , l  7 ,  : . ,  - * . _  

The thickness and .ve loc i ty  of t h e  geoseismic model used i n  the  

;.hypocentre ca l cu la t ions  were obtained from ava i l ab le  .geological and 

geophysical data .  The delay times *at ,the s t a t i o n s  were obtained 

experimental ly ,  using some events  occur r ing . r e l a t ive ly  near  t h e  

networks and having known epicent res .  

The models used were: -. 
i .  

er 

h i a  d i  Castro 

smaller s c a l e ,  no 

rage  

of 1.5. The cross-sect ion revea ls  t h a t ,  as f a r  as foca l  depth i s  
concerned, thes  , ranging between 

0 and about 6 km. 
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3.1 Torre Alfina - Induced Seismici ty? 

Before the  permanent network was i n s t a l l e d  the  seismic a c t i v i t y  

was monitored between 2 1 s t  January and 19th March 1977 on a temporary 

network, during a series of  r e i n j e c t i o n  tests i n  w e l l  RA-1. 
Figure 4 shows the  d a i l y  d i s t r i b u t i o n  of  events  throughout the  

period i n  which t h i s  network was i n  operation. 

a c t i v i t y  i s  c l e a r l y  cor re la ted  t o  the  two periods of r e i n j e c t i o n  

tests. 

of these  events during these two periods versus  the  maxima recorded 

values  f o r  ground movements (V/sec>, co r re l a t ed  with the  pressure 

An increase i n  seismic 

Figures  5 and 6 give a de t a i l ed  p i c tu re  of  hourly d i s t r i b u t i o n  

v a r i a t i o n  curve recorded a t  well-head and the  flow-rate values  of the  

in j ec t ed  water. In  both cases  the  major dens i ty  of  seismic events  

. occurs i n  correspondence t o  the  h ighes t  pressure values ,  and a f f e c t i n g  
i the  pressure curve,  f l a t t e n i n g  it s l i g h t l y  during both the  pumping and 

the  pressure re-establishment. 

A t o t a l  of 177 events  were recorded, a l l  being i d e n t i f i e d  a s  

seismic s igna l s ;  the  hypocentral  coordinates  were a t t a i n a b l e  f o r  15 
of  these ,  as reported i n  Table 3. Figure 7 shows the ep icen t r a l  

pos i t i on  f o r  the  lat ter,  along with 

c e n t r a l  d i s t r i b u t i o n  projected on a N-S p r o f i l e ,  and the  provis ional  

network configurat ion.  Note t h a t  the  network had only 4 s t a t i o n s ,  3 

of which were three-direct ional  and very c lose  t o  one another.  They 

were a l s o  r a t h e r  off-centre  with respec t  t o  the  well  and the  

ca lcu la ted  epicentres .  

e magnitude va s, the  hypo- 

Nevertheless,  i t- was possible  t o  def ine  the  ep icen t r a l  coordinates  

with a c e r t a i n  accuracy and, with a l i t t l e  less pre  ion, the  depth 

values;  the  da t a  were processed with no sur face  cor  t i o n s ,  using the  

s i n g l e  Torre Alf ina - Latera model and t h e  S phase. 

most cases  sa tura ted  a l l  the  s t a t i o n s ,  the  maxima of the  magnitude 

values  are not always defined. 

A s  the  events  i n  

One can note the  following: 

a )  t he  d i s t r i b u t i o n  of the  ep icent res  around the  w e l l ;  
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Table 3. Torre Alfina Earthquakes during Reinjection Test at RA1 Well. 

NO Date 

39/p 7'7.01.27 

43/p 77.01.27 

44/p 77.01.27 

48/p 77.01.27 

59/p 77.01.27 

8O/P 77.01.27 

83/P 7'7.01:27 

119/P 77.02.08 

X27/P 77.02.08 

1WP 77.02. oa 
157/p 77.02.08 

138/P 77.02. oa 

- 
DEr1n IN m. 

-1 \ 

Origin. Lat. (N) 

09.47 58.98 42' 45.32 

11.35 58.98 42' 45.62 

11.31 11.00 42' 45.57 

11.68 46.83 42' 45.59 

14.58 46.97 42' 45.42 

20.01 45.96 42' 45.25 

21.43 46.95 42' 45.39 

03.23 59.02 42' 45.27 

03.55 47.03 42' 45.32 

04.23 59,06 42' 45,61 

04.10 46.94 42' 45.23 

04.43 11.09 42' 45.05 

Long. (E) ERH 

11' ss .19 1.8 

11' 54.69 1.2 

11' 54.70 0.9 

11' 54.51 0.3 

11' 54.68 0,9 

11' 54.35 1.1 

11' 54.25 

11' 55.04 

11' 54.97 

11' 55.56 

11' 54,72 

11' 54.83 

Q ionni mrim 

Z E-- M 

a,3  1.7 1.1 

1.1 9.0 ~ 2 . 6  

2.1 1,8 S2 .6  

3.8 0.4 1.4 

2.6 1.4 2.C 

2.2 2.3 +3,C 

1.5 6.0 +3,C 

3.1 0.2 *2,6 

2.8 0.6 2,4 

2,§ 0.4 2 , l  
3.3 0.3 2.5 

1.4 ' 4.3 a 2 . 6  

0 .  0.6 1.0 1.s 11111 
I--, 

Fig. 7 .  Epicenters map and hypocenters distribution in Torre Alfina 
area (RA-1 well). bj 
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, 

b) the  order  of magnitude of the  focal  depths near the  in-hole 

f r a c t u r e s  ( 2000 m b.s . l . ) ;  

c )  t he  maximum magnitude values above even 3. 

3.2 Latera  - Induced Seismici ty? 

A s  mentioned e a r l i e r ,  i n  reference t o  Fig. 3, the  maximum seismic 

a c t i v i t y  i n  the  Latera area was recorded i n  well  L-2 i n  March and 

Apri l  1980, during a s e r i e s  of pumping operat ions t o  recover l o s t  

equipment . 
Figure 8 -shows the  d a i l y  frequency of these seismic events i n  

r e l a t i o n  t o  .the cumulative q u a n t i t i e s  of water i n j ec t ed  i n t o  the  bore. 

It was impossible t o  monitor the  well-head pressure t rend during 

pumping, except f o r  the  i n i t i a l  phase and immediately a f t e r  opera t ions  

ended. 

gered i n  these  two per iods,  c o r r e l a t i n g  the  maximum movement values  

(u /sec)  w i t h  t he  curve of pressure var iq t ion .  

Figures 9 and 10 g ive  a de t a i l ed  p i c tu re  of the  events t r i g -  

I 
These three  f igu res  show t h a t  an increase  i n  the  major seismic 

a c t i v i t y  i s  connected with the  inc res  

I n  Figs. 9 and 10 i n  p a r t i c u l a r  the  o 

i s  c l e a r l y  accompanied by a f l a t t e n i n g  of the  pressure curve. 

Throughout the  monitoring period 24 events  were recorded, f o r  15 

i n  in jec ted  volumes of water. 

r rence of the  seismic events  

of which it was possible  t o  determine the  focal  coordinates  ( see  

Table 4). Figure 11 represents the epicentral distribution, with the 

magnitude values  and the  hypocen t rd  d i s t r i b u t i o n  projected onto a 

N-S cross-sect ion.  This f i g u r e  ind ica t e s  t ha t :  

a )  a l l  the  events  l i e  along a NE-SW a l i g  n t  passing through well  

L-2 ; 

b) the  magnitude values range between 1.5 and 2; 

c )  the  events  can be grouped i n t o  two well-defined a reas  of d i f -  

pth;  the  f i r s t  i s  r i g h t  next t o  the  wel l ,  with 

than 1 km and the  second f u r t h e r  away with a 

maximum depth of 2 km, 
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Table 4. Latera Earthquakes during Pumping Test at L2 Well. 

NO 
87 
88 

89 
110 
112 
116 
117 

118 
119 
120 
'1 25 
130 
132 
133 
135 

0 

0 
O0 

0 

8, 
% 
0 

- 
DEPTH in  rn. 

Date 

80.03.15 
80. 03.15 
80.03.15 
80.03. 30 
80.04.04 
80.04.07 
80; 04.07 
80.04.07 
80.04.07 
80.04.07 
80.04.09 
80.04.12 
80.04.15 
80.04.15 
80.04.16 

Origin 

11.24 04.27 
12.15 26.14 

13.59 41.14 
08.00 49.67 
20.23 20.68 
09.38 44,08 
09.39 31.12 
09.39 52.22 
09.40 35.53 
09.41 16,i8 
00.39 11.87 
17.02 31.45 
21.27 05 ,71  

21.37 35.07 
03.32 31.66 

Lat. (N) 
42' 36.66 
42' 36.75 
42' 36.82 

42' 36.13 
42' 36.66 
42' 37.31 
42' 37.41 
42' 37,35 
42' 37,56 
42 31.30 

42O 37.32 
42' 36.80 
42' 36.72 
42' 3 8 , M  

42' 36.73 

0 

Long. (E) 
11' 49.09 

11' 49.07 
11' 49.09 
11'. 49,08 
11' 49.07 
11° 49.49 

11° 49.44 
11' 49.52 

13.' 49.58 
11' 49.84 
11' 49.82 
11° 49.34 
11' 49.03 
11' 48.82 
11 49.05 0 

ERH Z 

- 0.9 

0.3 0.8 
- 1.2 
- 1,2 

- 1,o 

0.4 2.3 
0.3 2.2 

1,l 1.7 
0.4 3.6 - 3.0 
- 2.-7 

- 1.0 

- 1.0 

0.3 0.9 
0,3 0.9 

L n r m  n m  

EVEWlS RECOKOEO 

OURlYO ?UtlPlWO 

mi nr L-z YELL 

EPICENTRES IRP 

RWO HY?OCEWTRES 0lSTRlI)UlIOW 

0.  0.t 0.4 #.a IR) 
- - - I  

Fig. 11. Latera area - events recorded during pumping test at L-2 well. 
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4. SEISMIC ACTIVITY AT CESANO 

The seismic a c t i v i t y  i n  Cesano area was monitored i n  two separa te  

nd on two d i f f  n t  networks. - 
During t h e . f i r s t  phase, between 5 th  May and 6th June 1978, a pro- 

v i s i o n a l  network was used, with 5 seismometric s t a t i o n s  connected by 

cable  t o  the  da t a  acqu i s i t i on  cent re .  This network was i n s t a l l e d  very 

near  wel l  RC-1 durin series of r e i n j e c t i o n  tests. 

Since 9 th  March 9 ,  a permanent telemetered network has been i n  
opera t ion  cons i s t ing  of 7 seismometric s t a t i o n s  including one three- 

component. 

4.1 Cesano - Induced Seismicity? 

Figure 12  shows the  d a i l y  frequency of events during operat ion of 

t he  provis iona l  network. 

during three  periods of i n j e c t i o n  t e s t s .  

events  during these  three  periods is  shown i n  Figs.  13 and 14, with 

t h e  maximum ground movement values  ( p / s e c ) + c o r r e l a t e d  with the  curve 

of pressure  v a r i a t i o n  a t  well-head. 

The seismic a c t i v i t y  c l e a r l y  i n t e n s i f i e s  

The t r igge r ing  of these 

I n  the f i r s t  case (period from 9 t o  10 May 1978) the  seismic 

events  can be co r re l a t ed  with a c e r t a i n  pressure threshold ,  while i n  

t h e  second phase the  g r e a t e s t  concentrat ion of seismic events occurs 

during a gradual increase  i n  pressure,  about 24 hours a f t e r  i n j e c t i o n  

began. 

Throughout the  period a t o t a l - o f  36 seismic events were recorded; 

ep icen t r e s  were determined f o r  11 of these ,  as shown i n  Table 5. 
being a densely populated a rea  with a s t rong  background noise  of 

i f i c i a l  o r i g i n  during the  daytime per iod,  it was somewhat d i f f i c u l t  

t o  ob ta in  an accurate  es t imate  of t he  f i r s t  a r r i v a l s  of the  P wave, 

i n ’ a t  l e a s t  4 s t a t i o n s .  The e p i c e n t r a l  coordinates  were therefore  

y a s e r i e s  of ca l cu la t ions ,  assuming a s  a f ixed hypocentral  

absorpt ion depth i n  the  well  of the  in j ec t ed  water. 

The geoseiqmic model used, r e l a t i v e  t o  a depth of 200 m b.s.l., 

is  as follows: 
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Table 5. Cesano Earthquakes during Reinjection Test at RC1 Well. 

NO Date Origin. tat. (N) Long. (E) ERH 2 ERZ 

3 78-05-10 14.22 01.18 42' 06.57 12' 22.76 l,? 1,5* 1.9 
5 78.05.10 14.58 59.98 42' 06.63 12' 23.57 - 1,5* - 
14 78.05.16 18. 03 09, 42' 06.57 12' 22.96 - 1,5* - 
17 78.05.16 20.27 00.55 42' 06,61 12' 22.59 - 1.5* - 
21 78.05.16 2224 00.11 42' 06.70 12' 22.53 - 1.5* - 

15 78.05.16 18.22 00.44 42' 06.67 12' 22.57 1.f 1,5* 2.2 

0 18 78.05.16 21.05 00.33 42' 06,64 12 22.76 0,3 1.5* 0.3 

22 78.05.17 22.28 00,55 42' 06.59 12' 22.54 0.0 1.5s 0.0 
23 78.05.17 01.40 00.38 42' 06.69 12' 22.64 
24 78.05.17 12' 22.60 
25 78.05.17 02.09 00.54 42' 06.62 12' 22.61 - l,S* - 
* indicates fixed focal depth solution 

Table 6 .  Cesano Earthquakes - Permanent Network. 
No Pate e*. Lat. (N) RH ERZ 
121 79.05.21 16.54 01,82 42' *05,87 12' 27.12 ~ 1.5 9.8 1.1 

154 79.06.19 .41 20.92 42' 03.53 12' 25.52 3.2 13,2 1.9 

200 79.07.07 18.29 07.52 42' 11,97 12' 27,38 , 1.7 8.1 
310 79.09.15 05.19 26.21 42' 04.33 5.6 10.5 3,l 
315 79.09.30 19.56 02.61 41' 59.83 6 2.0 
495 79.11.05 22.11 11.61 42' 1 12' 30.24 3.9 16.8 3.3 
583 79.11.24 05.27 45,79 42' 0 12' 30.28 1.2 10.6 0.9 
584 79.11.24 11.47 05.26 42' 03.15 12' 26.21 2,9 11.6 
614 79i12..07 05.18 05.12 42' 02.15 12' 26,50 0.8 8.7 0.8 
616 79.12.08 00.50 19.87 42' 04.26 12' 27.24 2.3 14.1 1.0 

282 80.05.25 17.51 16.11 42' 07.81 12' 25.92 0.4 6.4 0.4 

122 l9.05.21 17.29 52.82 42' 06.32 12' 28.07 1.3 12.4 0.7 

M 
* 1.9 
> 1.6 
0.66 
51.4 
1.0 
0.5 
1.2 
1.2 
1.5 

0.9 - 0.1 
1.6 
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Layer Velocity (km/s) Thickness (km)  

lo 3.2 1.5 

2O 5.5 

Considering how near  the  s t a t i o n s  are t o  wel l  RC-1, the  model w a s  

based on well s t r a t ig raphy  and the  sonic logs.  The ep icent res  vary 

s l i g h t l y  with a v a r i a t i o n  i n  the hypocentral  depth from 1.5 t o  1.7 km. 

Figure 15 shows the  network configurat ion,  together  with the  

ep icen t r a l  d i s t r i b u t i o n  f o r  both so lu t ions  and the  magnitude values .  

Note tha t :  

a )  i n  the  f i r s t  case,  with a focal  depth of 1.5 km, the  ep icent res  

are concentrated i n  a small a r e a  immediately south-west of 

well  RC-1; 

b )  i n  the  second case ,  with a depth of 1 .7 ,  they tend t o  l i e  

along a NW-SE b e l t  passing through the  displacement with the  

same t rend ,  individual ized by some sur face  geophysical and 

geological  surveys; 

c )  a l l  the events have magnitude values  between 1 and 2. 

4.2 Cesano - Natural  Seismici ty  

The monthly frequency of the  events recorded on the  permanent 

network is  shown i n  the  histogram of Fig. 16. The l a t t e r  shows t h a t  

i n  the  period i n  quest ion there  was l i t t l e  a c t i v i t y  i n  the  a rea  and 

no p a r t i c u l a r  increase  i n  seismic a c t i v i t y  during a production and 

i n j e c t i o n  test i n  well  C-5. 

As with Torre Alf ina and Latera  a reas ,  the  recorded seismic events  

were c l a s s i f i e d  a s  "local" o r  "near" according t o  the  d i f f e rence  

between the  a r r i v a l  times of the  S and P waves. 

The geoseismic model used f o r  the  permanent network is as follows: 
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Layer Velocity (km/s) Thickness (km) 

lo 2.5 0.4 

2O 3.0 0.95 

3 O  4.7 0.5 

4O 5 . 5  

r e l a t i v e  t o  +300 m.; again it was  based on ' the geophysical and 

geological  da t a  ava i lab le .  

The map of the  ep icent res ,  shown i n  P l a t e  5 with the  magnitude 

values  and network conf igura t ion ,  v a l i d a t e s  the  da ta  of p a s t  seismic 

a c t i v i t y ,  revea l ing  a low degree of se i smic i ty  i n  the  Cesano geo- 

thermal area and a c l u s t e r  of events along a roughly N-S b e l t  east of  

the  area.  
I 

The magnitudes, again ca lcu la ted  from the  Cancani-Sieberg 

equation, reach values  of more than 1.95. 

A s  a l l  the  events  were some d i s t ance  away from the  network, the  

The f i g u r e  shows only those whose coordinates  could be determined. 

N-S cross-sect ion of hypocentres shown i n  the  same f igu re  revea ls  t h a t  

the  seismic a c t i v i t y  i n  t h i s  zone i s  charac te r ized  by foca l  depths 

usua l ly  between 8 and 17 km. 

5. CONCLUSIONS 

A l l  of the  da t a  discussed up t o  now allow us t o  make some 

conclusive evaluat ions.  

Concerning seismic a c t i v i t y  of undoubtedly na tu ra l  causes,  a l l  the  

da ta  of the  t i m e  period considered has been confirmed f o r  a l l  t h ree  

areas. I n  p a r t i c u l a r ,  we note t h a t  while the  a reas  of Torre Alf ina 

and Latera show a s i g n i f i c a n t  degree of se ismic i ty ,  (higher  f o r  Torre  

Al f ina ) ,  i n s ide  and i n  the  immediate v i c i n i t y  of the  geothermic camps, 

the  a rea  of Cesano shows se ismic i ty  in s ide  the  camp. 

Seismic centers  have been noticed only a t  the  eas t e rn  margin of 

the  area, along a N-S s t r i p .  Although the  quakes f o r  a l l  th ree  areas 

have an undoubtedly s u p e r f i c i a l  o r i g i n ,  i n  Cesano the  foca l  depths are 

g rea t e r .  
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Concerning se i smic i ty  of a very l i k e l y  induced o r i g i n  there  have 

In  f a c t ,  it has  been seen t h a t  i n  connec- been cont rad ic tory  cases .  

t i o n  with tests of r e i n j e c t i o n  and pumping i n  s h a f t s  RA-I, L-2, and 

RC-1, numerous seismic events have r i s e n  i n  the  v i c i n i t y  of the  

sha f t s .  

During t e s t s  of production and r e i n j e c t i o n  a t  s h a f t s  A-14, A-4, 
and C-5, t he re  w a s  no evidence of any i n t e n s i f i c a t i o n  of seismic 

a c t i v i t y .  

f a c t o r s  which may or may not be independent of each other.  

This t r i p l e  response may be j u s t i f i e d  by a .mu l t ip l i c i ty  of 

The f i r s t  f a c t o r ,  and the  most condi t ioning one, has t o  do with 

the  d iverse  thermo-fluid-dynamic condi t ions of the  var ious s h a f t s  and 

the  second with d i f fe rences  i n  the  manner i n  which the  'tests were 

executed. It is  i n  f a c t  noteworthy t h a t ,  while i n  the  th ree  cases  of 

seismic induct ion,  the  in j ec t ions  were performed with c l e a r  water and 

pressure,  i n  s h a f t  A-4 the  f l u i d  ex t rac ted  from A-14 was in j ec t ed  i n  

a free-flowing manner; the  test performed a t  C-5 consis ted f i r s t  i n  

the  emptying of the  s h a f t ,  followed by i n j e c t i o n  of the  same f l u i d  

which had been ex t rac ted .  

Another f a c t o r  may be the  presence, i n  the  v i c i n i t y  of the  s h a f t s ,  

of more or less s t a b l e  s t r u c t u r a l  d i scon t inu i ty  which may r equ i r e  

varying degrees of s o l i c i t i n g  i n  order  t o  achieve a lack of 

equilibrium. F ina l ly ,  another f a c t o r  may be the  time needed t o  

perform the  tests; i n  f a c t ,  i n  the  cases  where there  w a s  a seismic 

e f f e c t  the  var ious  operat ions were c a r r i e d  out f o r  about a month. I n  

the  o ther  cases  the  t e s t s  covered only a few days. 

A t  t h i s  s t age ,  therefore ,  we can not genera l ize  on the  ex 

of a cause-effect  r e l a t i o n s h i p  between operat ions ca r r i ed  out  

s h a f t s  and induced se i smic i ty .  It should a l s o  be pointed out 

a l l  a reas  both types of se i smic i ty ,  induced and n a t u r a l ,  have 

s Cence 

i n  

t h a t  i n  

shown 

low values  of magnitude, genera l ly  not over a ;  as an example i n  

P l a t e  6 t he re  is a reproduction of seismograms of a few events  i n  a l l  

th ree  areas. 
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The da ta  gathered up t o  now, even though l imi ted ,  a r e  of g r e a t  

importance s ince  it r e f e r s  t o  a s i t u a t i o n  preceding the  e x p l o i t a t i o n  

of a geothermic camp. 

I n  fu tu re  expansion of t h i s  research and of operat ions i n  c e r t a i n  

camps, seismic cont ro l  requi res  f u r t h e r  development i n  order  t o  

achieve more e f f i c i ency  i n  da ta -co l lec t ing  as  well  as  i n  methods of 

e laborat ion.  Instruments with g rea t e r  dynamic range a r e  needed, such 

a s  a d i g i t a l  system which would allow the  determination of the 

g r e a t e s t  number of events ,  reducing the  l imi t a t ions  of amplitude and 

frequency, and allow f o r  rapid ca l cu la t ing  operat ions.  

a b i l i t y  of d i g i t a l  da t a  i s  necessary f o r  e labora t ion  which w i l l  not  

be l imited t o  a s imple  determination of focal  co-ordinates,  but  which 

w i l l  a l s o  allow the  d e f i n i t i o n  of c e r t a i n  parameters such as s i g n a l  

range,  focal  mechanisms , and seismic m o m e n t .  

The ava i l -  
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GEOTHERMAL INDUCED SEISMICITY - BANE OR BLESSING? 

Charles G. Bufe * 
Peter M. Shearer f' 

Abstract 

Production of steam or  hot  water from a geothermal reservoi r  and 
disposal  of geothermal f l u i d s  by in j ec t ion  can be expected to dis rupt  
hydrologic and tectonic  equ i l ib r i a  i n  and around the  reservoi r ,  poss- 
i b l y  producing i n s t a b i l i t i e s  leading t o  increased seismicity.  
well-documented cases of seismici ty  associated with reservoir  impound- 
ment (earthquakes as l a rge  as magnitude 6.5) or f l u i d  in j ec t ion  (events 
as l a rge  as magnitude 5 ) ,  the  mechanisms of earthquakes induced by geo- 
thermal production and in j ec t ion  seem t o  r e f l e c t  t he  regional tectonic  
stress orientat ion.  Most probably the  events are tr iggered by reduct- 
ion i n  e f f ec t ive  normal stress brought about by non-uniform pore press- 
ure  changes and thermal cooling. Although earthquakes induced by geo- 
thermal operations may very l i k e l y  r e su l t  i n  enhanced l o c a l  seismici ty  
and possibly damaging earthquakes,' concern over t h i s  possible  increase 
i n  seismici ty  has not been a b a r r i e r  t o  geothermal development. 
the world's l a rges t  geothermal development, The Geysers, thousands of 
earthquakes have been detected and located by the  U.S. Geological 
Survey/Department of Energy network. The l a rge r  (magnitude 2.0 t o  3.8) 
of these events are f e l t  on a weekly bas is ,  and some are d is rupt ive  i n  
t h a t  temporary p lan t  shutdowns r e s u l t  from the  response of machinery- 
pro tec t ive  devices the earthquake-induced vibrat ion.  
t o  da te  have occurred a t  in j ec t ion  w e l l s .  

A s  i n  

A t  

The l a r g e s t  events 

On the pos i t ive  s ide ,  earthquakes induced by cooling o r  f l u i d  
pressure changes provide unique information on the  loca t ion  of f r a c t u r e  
zones within the  reservoi r  by mapping the  paths of f l u i d s  being with- 
drawn o r  injected.  This information can be invaluable f o r  geothermal 
reservoi r  de f in i t i on  and operations management. 

Induced seismici ty  may a l s o  generate new f r ac tu res  i n  the  rock 
and serve t o  maintain ex is t ing  f r ac tu re  permeability i n  the  presence 
of cementation and compaction processes which decrease permeability i n  
the reservoi r .  

* 
L* U.S. Geological Survey, Reston, VA 

U.S. Geological Survey, Menlo Park, CA 
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To da te  earthquakes t r iggered by geothermal production 

activit ies have been too small t o  r e s u l t  i n  property damage o r  loss 

of l i f e ,  and thus have not posed a b a r r i e r  t o  geothermal 

development. Geothermal induced se i c i t y  has not been considered a 

S ta t e s  is a t  The Geysers steam f i e l d  i n  northern Cal i fornia .  

production a t  The Geysers reached 900 megawatts with t h e  addi t ion  of 

Power 

14 t h i s  year. When t h e  p l an t s  are operat ing a t  f u l l  

capacity,  over 6 mil l ion  kilograms of steam are removed and near ly  2 

mil l ion  kilograms of condensate in j ec t ed  each hour. 

mass of water in jec ted  is less than t h a t  withdrawn, the  rate of f l u i d  

i n j e c t i o n  is nevertheless  g r e a t  and is, we bel ieve,  responsible  f o r  

t r i gge r ing  the l a r g e r  earthquakes a t  The Geysers. 

@though t h e  

The rate of f l u i d  i n j e c t i o n  a t  The Geysers complements the rate 

of evaporation, which is higher (80% of produced steam) during the  

dry, sunny months than during the  rainy,  overcast  winter  period 

(60%). 

Geysers occur during the  ra iny  season when i n j e c t i o n  rates are 

h ighes t  . 

Signi f icant ly ,  most of the  l a r g e r  (M>2.5)  - earthquakes a t  The 

In j ec t ion  wells a r e . i n  severa l  instances d i s t a n t  enough from 

producing wells t o  permit i s o l a t i o n  of the  e f f e c t s  of f l u i d  i n j e c t i o n  

on earthquake a c t i v i t y .  The two l a r g e s t  earthquakes t p  occur a t  The 
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w 
Geysers (December 22, 1976, magnitude 3.5; September 22,-1977, 

magnitude 3.8) were l o c  within a few hun meters of i so l a t ed  

1s (DX-7 and LF-3, r e spec t ive ly ) ,ou t s ide  the  regions of 

steam ext rac t ion .  

aximum i n j e c t i o n  ra i n  s ing le  wells a t  The Geysers are on 

the  o rde r  of 300,000 kg/hr. The I t a b l e  -below > \  co res t h i s  ga te  with 
, *  

i n j e c t i o n  rates _at o ther  sites of geothermal i n t e r e s t  . -  or &ere 

induced se'ismici t y  has occurred . 
Table 1 

Maximum Sustained 

- S i t e  , In j ec t ion  Rate (kg/hr) 

The Geysers ( f i e l d )  

The Geysers ( s ing le  w e l l )  

Larderel lo ,  I t a  

Lardere l lo  (Sas 

during d r i  a t  depth of 4 km) 

Fenton' H i l l  (LASL) 

( s ing le  w e l l )  

Rangeley O i l  Fie 

the  i n j e c t i o n  pressures  are 

subhydrostat ic ,  the pressure grad ien t  

production wells are l a rge ,  

underpressured. "The temperature con t r a s t  be t  

the  r e se rvo i r  is sevgrc . .  

tisp 
\ 
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condensate and the  rese 

must be high i n  the  v i c i n i t y  of t he  i n j e c t i o n  w e l l s .  

o i r  rock is  also l a rge  and thermal stresses 

Because The Geysers is steam f i e l d ,  one might expect t h a t  

such as subside normally assoc ia ted  with withdrawal of 

o i l  o r  water would not o r here. However, Lofgre 

ind ica ted  a subsidence rate- 3 cm/year over the  p 

The combined e f f e c t s  of steam withdrawal and condensate i n j e c t i o n  

have r e su l t ed  i n  a cons i s t en t ly  high l e v e l  of shallow (0 t o  4 km) 

earthquake a c t i v i t y  a t  The Geysers, and perhaps the  g r e a t e s t  

frequency of f e l t  events  i n  t h e  United S ta tes .  The P a c i f i c  G a s  and 

Electric Company, opera tor  of the  power p l an t s  a t  The Geysers, 

r epor t s  t h a t  earthquakes are f e l t  weekly and some are in tense  enough 

t o  temporarily shut  down power p lan ts .  

Charac te r iza t ion  of induced se i smic i ty  a t  The Geysers 

Since 1975 the  U.S. Geological Survey has operated a network of 

seismographs i n  The Geysers-Clear Lake region. 

configurat ion of the  network is shown i n  Figure 1. Marks and o the r s  

(1978) have documented the  ex is tence  of two c l u s t e r s  of earthquake 

a c t i v i t y  a t  The Geysers. 

with two separate zones of decreased f l u i d  pressure r e s u l t i n g  from 

steam production described by Lipman and o the r s  (1977). Marks and 

o the r s  (1978) a l s o  examined pre-1975 earthquake da ta  and conclude 

t h a t  t he  se i smic i ty  l e v e l  a t  The Geysers has increased s ince  

production began. 

The present  

These c l u s t e r s  are s p a t i a l l y  co r re l a t ed  

The earthquakes a t  The Geysers r.esemble those I n  

the surrouading region with regard t o  f o c a l  mechanism (Bufe and F 

I L 
I 
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o thers ,  1980), source radius  and stress drop (Peppin and Bufe, 1980), 

and d i s t r i b u t i o n  of magnitudes (Marks and o thers ,  1978). 

Ludwin and Bufe (1980) have found a s i g n i f i c a n t  d i f fe rence  between 

the c lus t e r ing  c h a r a c t e r i s t i c s  of t he  induced earthquakes i n  The 

Geysers f i e l d  and the  na tu ra l ly  occurring events  i n  the  surrounding 

However 

region. The Geysers events are s p a t i a l l y  c lus te red  but are r a t h e r  

uniformly d i s t r i b u t e d  i n  t i m e ,  whereas seismic a c t i v i t y  i n  the  

surrounding region is  c lus te red  i n  both time and space. 

infrequent  occurrence of temporal c lus t e r ing  a t  The Geysers appears 

The 

t o  c o r r e l a t e  with swarm a c t i v i t y  near Clear Lake (Ludwin and Bufe, 

1980). Cavit and Hadley (1980) have found geothermal areas i n  

Cal i forn ia  t o  be charac te r ized  by temporal c l u s t e r i n g ,  with The 1 

Geysers anomalous i n  t h i s  regard. 

Induced se i smic i ty  and r e se rvo i r  d e f i n i t i o n  

If earthquakes are t r iggered  by f l u i d  pressure changes and 

cooling along f r ac tu res ,  it should be possible  t o  map the  paths of 

f l u i d s  being withdrawn o r  i n j ec t ed  by accura te ly  loca t ing  the  

earthquakes. 

The d i s t r i b u t i o n  of the  l a r g e r  ( M >  - 1) earthquakes a t  The 

Geysers from June 1975 t o  June 1980 is shown i n  Figure 2. 

shows the  shallow a c t i v i t y  i n  the f i e l d ,  while Figure 2B shows events  

below a depth of 2 km. 

t he  zones of maximum pressure dec l ine  (Lipman and o thers ,  1977) i n  

the  shallow reservoi r .  

d i f f e r e n t  pa t te rn ,  possibly def ining the  r e se rvo i r  a t  depth. 

Figure 2A 

The shallow earthquakes are concentrated i n  

The deeper events  of Figure 2B follow q u i t e  a 
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Fig. 2A. D i s t  f l a r g e r  (M > 1 )  shallow (depth less than 2 km) 
earthquakes a t  The Geysers. 
i n j e c t o r s - a r e  a l s o  shown. 
with  s t e a m  production are out l ined  by the 500 p s i  i sobar  of Lipman and 
o t h e r s  (1977). 

Wells-presently and previously used as 
The zones of f l u i d  pressure  decrease assoc ia ted  

38 52.5 

Fig. 2B. Dis t r ibu t ion  of l a r g e r  (M > l ) ,  deeper (depth range 2 t o  5 km) 
earthquakes a t  The Geysers. 
of f l u i d  pressure  decrease assoc ia ted  with steam production are out l ined  by 
t h e  500 p s i  i soba r  of Lipman and o the r s  (1977). 

InjecFion w e l l s  are a l s o  shown. The zones 

, * , ,-A 
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b 
P a r t i c u l a r l y  i n t e r e s t i n g  is  the  north-south trending crescent-shaped 

zone of hypocenters which extends southward beyond the  region of 

known pressure decline.  

Early i n  1980 loca t ion  of smaller earthquakes became f e a s i b l e  

using a r r i v a l  times from the  USGS a u t  

Menlo Park. 

(M10.5) a t  The Geysers during-April-June 1980. 

In  Figure 3 we show the  d i s t r i b u t i o n  of earthquakes 

Also shown are the  

zones of decreased f l u i d  pressure and loca t ions  of i n j e c t i o n  w e l l s .  

I n  severa l  ins tances  earthquakes c l u s t e r  near the  w e l l s  which most 

r ecen t ly  began in jec t ing .  

i n j ec t ion  w e l l  is new and lies outs ide  the  zone of previous 

seismici ty ,  although wi th in  the  boundaries of the  pressure sink. 

This new c l u s t e r  is believed to  be the  r e s u l t  of production and 

The c l u s t e r  near the  southwesternmost 

i n j e c t i o n  operat ions a t  Unit 15. 

Denlinger and o thers  (1980) have applied geodet ic  and g rav i ty  

da ta  t o  the  ana lys i s  of r e se rvo i r  deple t ion  a t  The Geysers. 

Earthquake da ta ,  combined with de t a i l ed  information on production and 

i n j e c t i o n  operat ions not  present ly  access ib le ,  should be extremely 

use fu l  i n  de l inea t ing  paths of f l u i d  flow within the  r e s e A o i r .  

Induced se i smic i ty ,  while providing a means t o  remotely sense 

physical changes i n  t h e  reservoi r ,  may a l s o  serve t o  maintain 

permeabili ty i n  the  presence of cementation and compaction processes 

which tend t o  reduce f l u i d  flow. 
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SELECTION OF DRY WELLS I N  TUSCANY FOR STIMULATION TESTS 

P. Baldi,* G. Ber t in i ,*  C. Calore: G. Cappet t i ,*  

C. Ca ta ld i ,*  R. Gelati! and P. Squarci 

1. NON-PRODUCING WELLS I N  THE LARDERELLO AND TRAVALE FIELDS 

Of the  579-odd wel ls  d r i l l e d  during the  l as t  50 years  i n  the  

geothermal f i e l d s  of Lardere l lo  and Travale ,  l i t t l e  more than 220 a r e  

now producing. 

Excluding a few wells t h a t  a r e  not exploi ted because of the  

chemical c h a r a c t e r i s t i c s  of the  f l u i d ,  the  productive w e l l s  can be 

c l a s s i f i e d  as  follows: 

a )  Wells t h a t  w e r e  once productive but  a r e  now exhausted 

(meaning t h a t  they are no longer capable of economic production a t  

t he  working pressure of the  power p l a n t ) .  

Apart from a few examples of  an unexpected h a l t  i n  production 

caused by co l lapse  of the  wellbore wa l l s ,  exhaustion occurred i n  

densely d r i l l e d  zones i n  which r e s e r v o i r  pressure decreased t o  a few 

tens of atmosphere above the  turb ine  i n l e t  pressure ( t h e  r e se rvo i r  

pressure value was measured i n  shut-in wel ls  during f i e l d  production).  

The flow-rate drawdown i n  these wel ls  ( a t  near ly  constant  pressure)  

is  genera l ly  character ized by a series of sharp decreases t h a t  occur 

with t h e  entry-into-production of new 

Work conducted as p a r t  of the  Final ized Energy Program of the  
I t a l i a n  National Research Council. 
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wells. Pressure build-up tests, conducted i n  some 

g deple t ion ,  revealed t h a t  transmiss 

rs genera l ly  negative.  The lowering r a t e  was therefore  

considered t o  be a t t r i b u t  

formation permeabi l i ty  no 

borehole. 

These wel ls  a r e  

cerned . 
Figure 1 shows the  loca t ion  of the  no 

up of wells of no 

l aye r s  of the  r e se rvo i r  i s  too lo 
produce f l u i d s  exp lo i t ab le  f o r  e l  

and 3).  

Note t h a t  the  low temperature i n  the  top of the  r e se rvo i r  i s  of 
no i n t e r e s t  t o  s t imula t ion  when d e a l i n  i t h  shallow wells  

Temperatures of 250°-300°C have been r rded a t  depths of 

3 km i n  var ious  a reas  t h a t  have low t rature values  a t  the  top of 

t h e  r e se rvo i r .  

c )  Dry or low product iv i ty  we 

permeabili ty.  Most of these  wel l s  are i n  which the r e se rvo i r  

temperature,  a t  depths between 500 end 

f requent ly  even 25 

are of some i n t e r e  

C ,  with pressure  above 20 a The deeper wells 

ow pressures  i n  the  top o 

oted t h a t  r e se rvo i r  pressure  increases  with depth' 9 2  and values  of 

n 20 a t m  were found between 1000 and 1500 m 

s su res  below 5 a t m  i n  ' t h e  uppermost l aye r s  o 

Our a t t e n t i o n  was concentrated o at ,  l o w  permeabi l i ty  wells i n  

e c t i o n  of a few wells  with t h  s t  favorable c h a r a c t e r i s t i c s  

o r  s t imula t ion .  The wel ls  were se lec ted  on the  bas i s  of t h e i r  tech- 

n i c a l  c h a r a c t e r i s t i c s ,  t h e i r  s t a t e  of conservation, the  rocks crossed W 
I .. . - -  



, , . . -. . .. . . , . -  ~ ..... - .  . , . . . . . -~  

. ..... . I .  " . .  ........... ~. - . - ~ ~ . 

I 

0 

* e  

L A G 0  0 

0 MONTEROTONDO 
0 

0 
0 

11 

O m  0 1) 
6 1 

& ') 
I 

Fig. 1. Location of the wells in the 
Larderello geothermal field. 
1) Productive wells; 2) Non-productive 
(low temperature) wells; 3) Dry or low 
productive wells (lack of permeability); 
4) Densely drilled areas. 

I 

Fig. 2. Temper 
top of the reservoir in the 
geothermal field. 
1) Cover formations; 2)Ophiolites and 
associated sedimentary breccias ; 3) Reser - 
voir rocks (including t'Macignot.t sand- 
stone); 4) Isotherms (%). 
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Fig. 3. Structural setting and temperature 
distribution 'at the reservoir in the 
Travale geothermal field. 
1) Cover formations; 2) Chtcrops of the 
mesozoic carbonate formations (reservoir 
3) Geothermal boreholes; 4) Deep wells; 
5) Selected wells; 6) Isobaths of reservoir 
top; 7) Traces of the cross-sections; 
8) Isotherms at the reservoir top. 

. 
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b# i n  the  open-hole sec t ion  and, e spec ia l ly ,  the  s t r u c t u r a l  s e t t i n g  i n  

the  area surrounding the  bore. The l a t t e r  i s  the  main con t ro l l i ng  

f a c t o r  with regard t o  permeabili ty of the  Tuscan geothermal areas .  

2. GEOLOGICAL AND HYDROGEOLOGICAL OUTLINE OF THE LARDERELLO-TRAVALE 

ZONE 
The s t r u c t u r a l  s e t t i n g  of the  region is charac te r ized  by overlying 
- 

nappes, the  "Ligurids" and "Tuscanids ly ing  over a regional  meta- 

morphic basement. These complexes a r e  ove r l a in  t r ansg res s ive ly  by the  ' 

lagoonal and marine sediments of a neoautochthon cyc le  (Upper Miocene- 

Pl iocene) .  

The s t r a t i g r a p h i c  sequence i n  the  study area  i s ,  from bottom 

upwards, as follows (Fig.  4 ) :  

a )  Regional basement (Paleozoic) ,  made up of gne iss ,  plagio- 

c l a s e  and garnet-bearing micaschis t s ,  p h y l l i t i c  q u a r t z i t e s ,  q u a r t z i t e s  

and p h y l l i t e s  associated with metagreywackes, c h l o r i t o s c h i s t s ,  

ca l cesch i s t s  and g raph i t i c  p h y l l i t e s ,  with loca l  i n t e r c a l a t i o n s  of 

dolomitic marbles and c r y s t a l l i n e  anhydri tes .  3 

The formations of the  regional  basement genera l ly  have a low 

permeabili ty.  

b )  Tectonic wedge zone, cons i s t ing  of ove r th rus t  wedges 

(maximum t o t a l  thickness  of 1400 m) found above the  "basement" i n  the  

Larderello-Castelnuovo and Serrazzano areas .  These wedges a r e  made 

up both of Paleozoic c r y s t a l l i n e  formations,  the  T r i a s s i c  terr igenous 

("Verrucano") and mesozoic carbonate formations. The permeabili ty of 

t h i s  complex is  genera l ly  low, with the  exception of the carbonate 

and q u a r t z i t i c  layers ,  which may have a good secondary permeabili ty.  

c )  Tuscan nappe, whose base comprises green p h y l l i t e  

(Verrucano) over la in  by evapor i t i c  and carbonate depos i t s  (Burano 

Formation) of the  Upher Tr i a s ,  followed upwards by a group of mainly 

carbonate J u r a s s i c  formations and, f i n a l l y ,  by var icoloured sha le  

("Scaglia") of the  Cretaceous-Eocene and the  arenaceous f lysch 

"Macigno" of the  Oligocene. 
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P~ST-OROGENIC SEDIMENTS 

LlGURlDS I- 
I 

TUSCANIDS 

TECTONIC WEDGES 

PA(LE0ZOIC BASEMENT 
I 

Fig. 4. Relationship between the main strati- 
graphic units in Larderello-Travale region. , 

I 

Fig. 5. Isobaths of the top of the geothermal 
reservoir formations (m.ads.l.) 
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The hydrogeological c h a r a c t e r i s t i c s  of the  Tuscan nappe can be 

summarized as follows: 

0 The J u r a s s i c  main1 onate sequence and the  'Macigno' 

formation have a good fracture-der ived permeabi l i ty;  

0 t he  'Scagl ia '  formation (mainly sha le ) ,  due t o  i t s  l i t ho logy ,  

. 
e 

a layer with very low permeabili ty wi th in  the  r e se rvo i r  rocks; 

t he  'Burano formation' which i s  made up of anhydri te  and 

dolomite a l t e r a t i o n s  has a low permeabi l i ty ,  e spec ia l ly  where 

the  anhydri te  predominates. 
I . d)  Ligurids ,  t h ree  main u n i t s  can be d i s t i n g u i s h e d - i n  t h i s  

, ,  

complex. Overlapping one another they can be descr ibed,  from the  top  - 
downwards, a s  : 

0 Upper un i t  (Lower Cretaceous) 

This u n i t  cons i s t s  of shale and s i l i c e o u s  s t r a t i f i e d  l imestone; , 

a t  the  base of the  s e r i e s  are masses of o p h i o l i t i c  rocks and 

r a d i o l a r i t e  of t he  Upper Ju ras s i c .  

0 Intermediate un i t  (Upper Cretaceous) 

This u n i t  mainly c o n s i s t s  of marly layers  with interbeddings 

of sandstone and shale .  

0 Lower u n i t  (Eocene) 

This un i t  is  mainly made up of marly limestone interbedded i n  

marly, sandstone and shaley layers .  

The upper un i t  i s  character ized by very low permeabi l i ty ,  with t h e  

exception of the  o p h i o l i t i c  masses t h a t  have average fracture-der ived 

permeabili ty.  The intermediate  un i t  i s  similar hydrogeologically t o  

the  preceding one, although it has  more frequent marly limestone and 

sandy l aye r s  t h a t  have an average fracture-dependent permeabi l i ty .  

The lower u n i t  has a t  i t s  base mainly limestone l aye r s  t h a t  may, i n  

some cases ,  a c t  as  r e se rvo i r  rocks. 

e )  Post-orogenic depos i t s ,  these cons i s t  of l a c u s t r i n e ,  marine 

and lagoonal sediments of the  Upper Niocene (Messinian) and marine 

sediments of the  Pliocene. 1 
This group of mainly clayey formations has ,  on the  whole, a very 

low permeab i 1 i t y  . 
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IC, 3 .  INFLUENCE OF GEOLOGICAL-STRUCTURAL FACTORS ON PERMEABILITY 

t o  def ine  the  main s t r u c t u  rameters t h a t ,  along with 

ce ,  on w e l l  

hydrogeological 

influenced by ge 

The l a t t e r  can b 

these’, t he  Hercynian, a f f ec t ed  the  

only; t he  second, Alpine phas 

Tuscan and 

Ligurid u n i t s  an 

he following e 

nappe and the’unde 

and placed the  Ligurids  i n  contac t  with the  Paleozoic basement. 

In tense  f r a c t u r a t i o n  can a l s o  occur i n  correspondence - .  to. _ _ .  t h i s  

plane. I n  o the r  cas i s  phenomenon has transformed the  
f .  w 

I 
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Burano Formation i n  a breccia  of fragments o 

anhydri tes  and l i m e  ones with a very high permeabili ty.  

Considering the  a r e a l  d i s t r i b u t i o n  of the  dry and noncommercial 

wells, the  s t r u c t u r a l  c h a r a c t e r i s t i c s  of the  d i f f e r e n t  a r eas ,  d r i l l i n g  

da t a ,  geophysical logs ,  in-hole measurements and the  production tests 

from the  var ious  geothermal wel l s ,  it can be concluded tha t :  

a )  the  dry w e l l s  are genera l ly  concentrated i n  areas  (Fig.  1) 

i n  which almost a l l  the  wells have a low product ivi ty .  Consequently, 

low permeabili ty of the  r e se rvo i r  formations would appear t o  be a wide 

spread phenomenon through0 

zones of s t r u c t u r a l  highs. 435 
areal correspondence. Of a l l  the  f a c t o r s  responsible  f o r  i n t ense  

f r a c t u r a t i o n  i n  these zones the most important seems t o  be the  fo ld ing  

unde'rgone by the rocks during the orogenic phases; the  f r a c t u r e s  a r e  

p a r t i c u l a r l y  concentrated along the  main axes of these s t ruc tu res .  

b) The r e se rvo i r  formations show the  h ighes t  p roduct iv i ty  i n  

Figures 5 and 6 c l e a r l y  revea l  t h i s  

c )  The f r a c t u r a t i o n  of the anhydr i t i c  carbonate formation 

(Burano Formation) becomes more in tense  i n  i t s  th inner  layers .  This 

can be noted i n  Fig. 7 ,  which shows the  thickness  d i s t r i b u t i o n  of the  

"Burano Formation" f o r  t he  wells c ross ing  it and the  r a t i o  between 

productive and unproductive wells* f o r  each thickness  i n t e r v a l .  

The over thrus t  planes a r e  of g r e a t  importance i n  the  d )  

f r a c t u r a t i o n  of the  r e se rvo i r  rocks. Tied t o  t h i s  over thrus t ing  i s  

the  l a rge  number of productive f r a c t u r e s  found near t he  contact  

between the  cover and the  r e se rvo i r  formations. Figure 8 shows the  

frequency d i s t r i b u t i o n  of the  d is tance  between the  f r ac tu res  crossed 

by the  wel l s  and the  t ec ton ic  contact .  

f r a c t u r e s  located i n  small depth i n t e r v a l s )  were individual ized from 

d r i l l i n g  da ta ,  in-hole measurements and geophysical logs. The da ta  

on o lde r  wel l s  cons i s t  of d r i l l i n g  da t a  only and a r e  therefore  less 

The f r a c t u r e s  (or groups of  

* Whenever the re  are only few elements i n  a c l a s s ,  t h i s  r a t i o  was 
ca l cu la t ed  considering the  nearby c l a s s e s ,  using a moving average. 
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Fig. 8. a) Distribution of the distance from the 
fractures to the cover-reservoir contact 
ductive (1) and n m  productive (2) wells. 

b) Percentage of fractures found in pro- 
ductive wells in different distance intervals. 

I 

30 I I 1  

distance ( mJ 

distance 1 m )  

Fig. 9. Schematic geological map of the zone of 
Gabbro with location of the selected wells. 
1) Post-orogenic sediments; 2) Ligurids; and 
3) Ophiolites. 
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r e l i a b l e  than the  o ther  data .  Class (0,O) of n i l  width has been added 

ac tu res  near the  

t ec ton ic  con cover complex usua l ly  l i e  

rs a t  the  base of 

correspondence t o  the  

the  "Burano formation" and the  underlying T r i a s s i c  o r  Paleozoic 

te r r igenous  "f  

e inf luence of the  Neogenic tensional  t ec ton ic s  on 

ill not c l  f a u l t  systems crea ted  

during t h i s  phase appear t o  have played an important r o l e  i n  providing 

connections between permeable horizons a t  d i f f e r e n t  depths so t h a t  the  

permeable l aye r s  of the  r e se rvo i r  can c o l l e c t  f l u i d s  from l a rge  masses 

of low permeabi l i ty  rock. 

4. SELECTED WELLS 

Based on the  preceding ana lys i s  and on examination of a l l  ava i l -  

ab l e  d a t a  (thermodynamic a 

wells were co 

s t imula t ion  e 

o r  t o  possible  

geothermal f i e l d  

and 

dY 
the  wel l s  i n  the  La rde re l l  

margin Qf t he  Era graben, near  the  f a u l t s  bordering t h i s  graben with 

a reg iona l  NW-SE trend ( F i  a t i o n s  (Neogene 

and L igu i r id s )  these wells 
Triassic-Paleozoic  terr igenous complex (Fig.  10). 

I n  add i t ion  c ing  the  thickness o f  t 

t h i s  f a u l t  may a 

p h y l l i t  ic-quartz  
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Fig. 10. Schematic geological cross-section of the 
zone of Gabbro. 
2) Ligurids; 3) Ophiolites; 4) Burano Formations; 
5) Triassic-Paleozoic terrigenous formations. 

1) Post-orogenic sediments; 

SW 

2000 1 

Fig. 11. 'Schematic geological cross-section of the 
Serrazzano structure. 
2) Ligurids; 3)'Qhiolites; 4) Burano formation; 
5) Quartz  conglanerates (Verrucano); 6) Quartz- 
ites verrucano) ; 7) Triassic-Paleozoic terrigenous 
formations. 

1) Post -orogenic sediments ; J 
I 

I 
k,l 

I 
i 
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v e r t i c a l l y  or iented and gu la r ly  d i s t r i b u t  throughout the  a rea ,  

being more concentrated b e l t  along the  f I t .  One of the  main 

reasons f o r  s e l e c t i n g  th  wells was the  

connecting them t o  the  f r a c t u r e  system. 

A second group of se lec ted  wells l i e s  w i t h i  

the  Cornia River bas in ,  south-west of La rde re l l  

o r the rn  p a r t  of 

These bores on the f lanks o 

s t r u c t u r e s  of -th a1 r e se rvo i r  formations: e Serrazzano and 

Lagoni Rossi s t ruc tu res .  

The Serrazzano s t r u c t u r e  (Fig. 11) extends N-S and is  made up of 

a complex of tec tonic  wedges of T r i a s s i c  formations (anhydr i tes ,  

anageni tes ,  i t e s ) .  

The Lagoni Rossi pos i t i ve  s t r u c t u r e  t rends NW-SE and is  formed by 

Triass ic-Paleozo metamorphic d J u r a s s i c  

carbonate formations of the  Tuscan Ser ies .  Towards the  north t h i s  

s t r u c t u r e  is separated from t h a t  of Serrazzano by a wide NW-SE 

t rending  ( r eg iona l )  t ec tonic  depress ion. 

This second group of wel l s  c rosses  t h i n  layers  of the  "Burano 

Formation'' and/or t he  underlying metamorphic terr igenous formations 

(Figs.  1 2  and 13).  Although some of these wel ls  a r e  dry ,  they l i e  i n  

a zone containing o ther  h ighly  productive wel ls .  The low permeabi l i ty  

few wells  which could become economically v i ab le  

t i v e l y  small inc re  product iv i ty .  An even la number of w e l l s  

could be used f o r  c t i o n  purposes immediately o r  when s t imula t ion  

only a rela- 

of the  known f i e l d s  and the  majori ty  .of deep hot  rocks reached by 
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Fig. 12. Schematic geological cross-section of the 
zone East of the Serrazzano structure. 1) Post- 
orogenic sediment; 2) Ligurids; 3) "Macigno sand- 
stonef1; 4) Mainly carbonate formations of the Tuscan 
unit; 5 )  Burano 'formation; 6) Paleozoic formations. 

Fig. 13. Schematic geological section of the zone hIE of 
the structure of tagoni Rossi. 1) Post-orogenic sedi- 
ments; 2) Lipids; 3) Mainly carbonate formations of . 
the Tuscan Unit; 4) Burano formation; 5 )  Triassic- 
Paleozoic terrigenous formations. 
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wel ls .  Permeabili ty i s  too low t o  permit economic production, too 

uniformly l o w  t o  expect 

a t tempts ,  but  too h o t  dry rock type 

i n j e c t i o n  of la rge  ts  of water i n t o  grou 

permeabi l i ty  a rea  and the  production of a f l o  

t i v e  r e s u l t s  

the  high permeabi l i ty ,  depleted a reas  

considered. F e a s i b i l i t y  p ro jec t s  based o 
s tudied .  

Three of the  Travale wells are s i t e d  over 

the p o t e n t i a l  r e se rvo i r ,  on the  margin of a graben and near prod 

o r  exploi ted wel ls  (Fig. 14) .  

This s t r u c t u r e  is cut  by a group of NW-SE t rending d i r e c t  f a u l t s  

i n  th ree  main s t eps .  

The boreholes have genera l ly  crossed r a t h e r  t h i ck  1 

Burano formation and the  metamorphic basement ( p h y l l i t e  

q u a r t z i t e s ,  followed by a1 te rna t ions  of anhydri tes  and c r y s t a l l i n e  

dolostones) .  

e possible  t o  connect these w e l l s  to  a f r a c t u r e  

system t i e d  t o  the  f a u l t s  bordering the  graben. 

The four th  well  se lec ted  i n  the  Travale zone l ies  i n  the  c e n t r a l  

p a r t  of t h i s  graben (Fig. 15). 
E-NE extension of the  pos i t i ve  s t r u c t u r e  charac t  

area. The w e l l  w a s  eh n because-even a s product iv i ty  would be 

o f  extreme i n t e r e s t  fo  he study of the  ge rmal r e se rvo i r  i n  t h i s  

zone. 

It appears t o  have been d r i l l e d  on the  

zing the  productive 

From the  thermodynamic point  of view, the  group of wel ls  i n  the  

Lardere l lo  geothermal f i e l d  show temperatures b 

i n  the  p o t e n t i a l  r e se rvo i r  and r e se rvo i  

and 36 a t m  maximum. The Traval 11s has temperatures of 

250-260°C i n  the  PO d r e se rvo i r  pressures around 

50 atm. 

ween-200 and 270°C 

s between 17  minimum 

The s t imula t ion  methods which can b 

wells depend on the  geos t ruc tu ra l  s i t u a  

oyed on the  13 se lec ted  

round the well and on the  
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Fig. 14. Schematic geological cross-section of the new field of Travale. 
1) Post-orogenic sediment; 2) Ligurids; 3) 'Macigno sandstone"; 
4) Burano formation; 5) Paleozoic phyllites and quartzites; 6) Paleozoic 
phyllites, quartzites, anhydrotes, and crystalline dolostones. 
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Fig. 15. 
zone. 
formation; 4) Paleozoic phyllites and quartzites. 

Schematic geological cross-section of the Travale 
1) Post-orogenic sediments; 2) Ligurids; 3) Burano 
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type of  rock formations involved. 

i c a l  and hydraul ic  c h a r a c t e r i s t i c s  of the  formations,  t o  e s t a b l i s h  

whether s t imula t ion  is  f eas ib l e  and t o  be ab le  t o  plan the  treatment 

program, permeab i 1 i ty test e. 

I n  order  t o  def ine  the  geomechan- 

l 
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FRACTURING TECHNIQUES AND SOME 
APPLICATIONS IN ITALY 

P.BERRY C.CATALD1 E.tI.DANTIN1 

ABS 

A.oblems connected t o  sthuZation processes are muxl4#sed as cg- 
tical parameters that'must be taken into account from the research 
stage through to  exploitation. 

Such an approach i s  of prime importance for the optimization of 
the project, for achieving more efficient results during the hpZe- 
mentation stage, and finally, for,making the best choice of the s t i -  
mulation technique t o  be adopted. 

structural and geomechanicat characteristics of the reservoir have 
been ccnalgsed also in the light of some recent experiences i n  Italy. 

The relationship between the s t  ation treatments and the geo- 

1 - INTRODUCTION 
For many years now the Oil Industry has been implementing tech- 

nological operations (stimulation processes) that make it possible 
to intensify production and to control the exploitation of reservoirs. 
The way to proceed is decided individually for each case at the end 
of a drilling program and on the basis of the ensuing results. 

The design criteria of the stimulation processes are therefore 
based on the experience acquired through drillings that do not always 
turn out to be relevant to the particular case being dealt with. 
Since, within this context it is not possible to quantify most of the 
numerous parameters that condition the outcome of the stimulation 
treatment, the ensuing effects are often disappointing. 

results obtained through stimulation can provide the means for a 
A statistical analysis 111 correlating the design data with the 

University of Rome 
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better choice of the method, of the relevant parameters, and further- 
more; it can offer a more accurate 
be obtained through stimulation. 

ploitation of geothermal fields demands an ,approach making the most 
of the geostructural characteristics, of the physical and mechanical 
parameters of the reservoir, and of the complex laws governing its 
behaviour as concerns the mass and heat flow problems. An appro- 
priate approach should make use of all of these data to solve all 
the planning and design-related problems. 

the mechanical and hydraulic characteristics of t rrounding rock x 

mass following an input of energy, ei ther in st 
di tions. 

Such processes are wever, initially con by the geome- 
try of the hole and by the characteristics of the formation. 

AS the process gradually spreads out, there are close inte 
ions between the effects of the energy introduce (fractures) and 
the characteristics of the rock mass, that affect the final outcome 
of the operation. Keeping account of . .  this clos nterdependence , the 
investigation programs for the research and st of geothermal fie1 
should be worked out on the basis of criteria that consider the sti- 

techniques as a means of investigation capable of pGoviding 
formation on the most important parameters that character- 

cast of the results that can 

The analysis of problems related to the investigation and ex- 

Indeed, each stimulation generally produ p variation in 

in dynamic con- 

~ 

ize ,the reservoir. ~ 

Furthermore, the exploi 
various solutions provided .by th 
to the geostructural and geomechanical characteristics of the rock 
mass. 

determination of some of the fundame 
chanical behaviour of the reservoir 
tions usually adopted,will beana 
most widespread stilumation tech 
ing and explosive fracturing. 

This, paper , brief1 

2 -  

timite any type of intervention ,in .a reservoir it 
is necessary to have an exhaustive knowledge of the parameters and 



118 

b 
laws tha t  govern i t s  behaviour i n  a l l  the possible s i tua t ions  t h a t  
could occur. 

when analysing the resu l ts  obtained a f t e r  st imulat ion,  i t  i s  necessa 
ry t o  keep account o f  the fo l lowing fundamental parameters. 

2.1 Original  and induced state o f  stress 

three pr inc ipa l  stresses are determined by means of wel l  -founded 
methods tha t  provide both s u f f i c i e n t l y  accurate data and a r e l i a b l e  
in te rpre ta t ion  o f  the resul ts .  

cannot be made due t o  the great depths and h igh temperatures invo lv -  
ed. This drawback i s  usual ly  overcome by assuming t h a t  one o f  t h  
components i s  v e r t i c a l  and i t s  value i s  in fe r red  from the densi ty  o f  
the formation (y - logs). Since a lso t h i s  measurement i s  hampered by 
the high temperatures o f  the well ,  t h e  t rend o f  the values must be 
extrapolated down t o  the required depth. 

Furthermore, i t  i s  v i r t u a l l y  impossible t o  p red ic t  the hor izont-  
a l  s ta te o f  stress merely on the basis o f  the theoret ica l  consider- 
at ions. I n  large areas, experimental measurements have pointed out 
the presence o f  higher hor izontal  stresses than the v e r t i c a l  ones, 
t h i s  being probably due t o  the tecton ic  events. 

mental technique based on "hydraul ic f rac tu r ing"  provides useful i n -  
d icat ions as t o  the minimal p r inc ipa l  stress f o r  wel ls  t h a t  are even 
very deep 121. The obstacle set  up by the high temperatures can be 
avoided by in te r rup t ing  the measurements where the temperature s t a r t s  
t o  be too high, and then the values can be extrapolated down t o  the 
required depth. 

l i m i t s  w i l l  be analysed i n  one o f  the next paragraphs; sudh resu l t s  
must, however, be in ter rupted w i th  caution and account must be kept 
o f  the mechanical behaviour o f  the formation. 

The o r ig ina l  s ta te  o f  stress i s  deeply modif ied near the wal ls  
o f  the w e l l .  Further var ia t ions are due t o  the s t a t i c  o r  dynamic 
pressur izat ion o f  the borehole (hydraul ic o r  explosive f rac tu r ing) ,  
o r  t o  the mass and heat f low ( i n j e c t i o n  and production). 

since i t  i s  general ly characterized by a po in t  d i s t r i b u t i o n  o f  the 

I n  par t i cu la r ,  dur in  i gn  and implementation stages, an 

s 

I n  engineering practice, the values and the d i rec t ions  o f  the 

i As regards Geothermy, attempts t o  make i n  s i t u  measurements 

I n  areas where high temperatures are not  involved, the exper i -  

The resu l t s  obtained through t h i s  technique together w i t h  i t s  

An analysis o f  the induced state o f  stress i s  ra ther  complex 
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pr inc ipa l  V a l  ues and o f  the p r i  nc i  pal d i  rect ions . Furthermore ,vari a t ions 
i n  thehydrostat ic  s t ressesexer tedby the f l u id in thepores  ( i .e .  a f t e r  
an explosion i n  the blasthole) ,or the f low t h a t  gives r i s e  t o  hydrodinam 
i c  act ions i n  correspondence to'the w a l l s  o f  the f ractures ( i  .e. a f t e r  in 
jec t ions  ,production o r  hydraul i c  f rac tu r ing)  ,modify the s ta te  o f  stress.  

Experimental resu l t s  have provided the possi b i  1 i ty t o  check the 
v a l i d i t y  o f  the law o f  e f f e c t i v e  stresses, as f a r  as rocks are con- 
cerned, by using the same expression which appl ies t o  s o f t  soils.The 
s ta te  o f  t o t a l  stress ac t ing  simultaneously w i th  the pore pressure 
P can be broken down i n t o  an e f f e c t i v e  s ta te  o f  stress and a hydro- 
seat ic  s ta te  o f  stress, and therefore, the fo l low ing  equation can be 
w r i t t e n  131 : 

2.2 Deformabi l i ty  and strength 

2.2.1 Deformabi l i ty  

The assumption general l y  made f o r  so lv ing ' rese rvo i r  engineer- 
ing" problems (i.e. t h a t  rocks are characterized by an iso t rop ic ,  
homogeneous, l i n e a r  and e l a s t i c  behaviour) i s  no t  t rue  i n  pract ice.  

Indeed, the mere presence o f  or iented microf issures causes the 
rock t o  show a decidedly anisotropic behaviour. Even f o r  the rocks 
consis t ing o f  minerals having a marked or ientat ion,  the anisot rop ic  
behaviour i s  p a r t i a l l y  t o  be a t t r i bu ted  t o  the l a t t e r ,  whereas the 
in f luence o f  the microf issures appears t o  prevai l .  

dent changes i n  the l i n e a r  behaviour (Fig.1) and i n  the e l a s t i c  be- 
haviour, and as the stress increases, the deformabi l i ty  tends towards 
t h a t  o f  the rock matr ix,  thus e n t a i l i n g  a ase i n  the anisot rop ic  
degree (Fig.2). 

When the rock matr ix  i s  assumed as b omogeneous and i so t ro -  
p i c  w i th in  the range o f  invest igated pressures, and neglect ing the 
i n f  1 uence o f  the temperature, the compressi b i  1 i ty o f  the rock mat r ix  
C,canbetakenasconstant.Thecompressibility o f t h e r o c k  Cb dependsnot 
on ly  on the overa l l  volume o f  the voids but a o on the form of the pores 
(Fig.3) 15,5,71 and i t  var ies w i th  the e f  t i v e  stress 18,9,101. 

can be noted both wi th  the d i rec t ion  and w i th  the level  o f  the 
appl ied s t ress 151 t h a t  can be ascribed t o  the c los ing  o f  the micro- 
f issures.  A t  low loads,for rocks such as grani te,  gneiss, quar tz i te ,  

The progressive c los ing o f  the microfractures br ings about ev i -  

I n  pa r t i cu la r  f o r  some types o f  rock ,a  va r ia t i on  o f  the Cb value 

U 
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(phyllites from the Larderello field) 

Major principal stress 61 (MI%) 

Secant Young Modulus versus the major principal stress 
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Fig.2 - Tangent Young Modulus versus the major principal stress. At 
high stresses the deformability of the rock tends t o  be simi- 
lar to that of the rock matrix with ensuing decrease in the 
anisotropy degree I 4 I 
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c 
and marbles, values o f  the cb/cr ratio included between 7 and 3 were 
measured, whereas, by increasing the mean effective stress, such va- 
lues all  tend more or  less rapidly t o  one. 

ions upon the in i t i a t ion  of new fractures or on the extension of pre- , 

existing discontinuities or on the structure o f  the composing miner- 
als is changed, the causes are t o  be ascribed essentially t o  the type 
o f  rock involved and t o  the way i n  which the temperature variations 
are produced. 

i n  the values of the elastic characteristics and a variat ion of the 

If the extent o f  the effects caused by the temperature variat- 

Laboratory tests 1111 have pointed out  a progressive increase 

% (  TUFF 
( M P d  1 STATIC 

2 DYNAMIC 

3 SHOCK l ! ! 4 L  20 0 5 1 0  15 

0 
,U€f 10 

Fig.5-Stress-strain curves lating to some samples of granite, basalt 
and tuff for uniaxial compression tests. Notice the variation 
in the mechanical behaviour of the rock materials (deformabili- 
ty and strength) when they are submitted to different load 
rates (static, dynamic, shock) I 14 I 
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st ress-st ra in  curves as the temperature s lowly increases (Fi9.4 
Also the temperature decrease (due t o  the i n jec t i ons  i n  geot 

mal wel ls)  br ings .about a .concentration o f  stresses caused by the  
d i f f e r e n t i a l  deformations o f  the minerals forming the rock and there- 
fore, a progressive decrease of the s t i f f ness  due t o  thermal cycles 
i s  t o  be expected. 

se w i t h  the load r a t e  depending upon the type o f  imposed stress and 
on the charac ter is t i cs  o f  the rock 112,131 . As regards problems r e  
l a ted  t o  explosive stimulations,some laboratory tes ts  'provide i,nte- . 
res t i ng  ind icat ions 1141 which compare the e l a s t i c  charac ter is t i c  o f  
the mater ia ls  w i th  s t a t i c  and dynamic loads and w i t h  shocks 

2.2.2 Strength 

As previously mentioned even the strength o f  rocks having b r i t t l e  
behaviour i s  a funct ion o f  the e f fec t i ve  stresses 1151 and'in general 
the strength values grow smaller is the f l u i d  pressure i n  the micro- 
f i ssures  increases. 

Generally the ax ia l  and transversal deforma 

Even though an adequate number o f  exper 
le ,  i t  may however be assumed t h a t  the 

pores does inf luence the strength o f  mater 
stresses produced by explosives. A greater 
zone and o f  the rad ia l  f ractures produced 
i s  therefore t o  be expected. 

The i n f  1 uence o f  temperature ' has been t 
theore t ica l  and experimental research and 
f o r  s t imulat ion treatments i n  o i l  wel ls  117,18 

decrease i n  the strength value re la ted  t o  the appl ied stress can be 
not iced (Fig.4), and general ly the behaviour o f  the mater ia l  deeply 

1 I tes ts  are no t .  avai- 

With the gradual increase o f  the temper 

erms o f  f a i l u r e ,  pas 

The e f f e c t  o f  temperature decreases on s t r  
out  t o  be the same as t h a t  n 
i n  t h i s  case rock f rac tu r ing  

i n  which the rock 
he strength values load r a t e  i s  
ha t  obtained by t h  

uced stresses in  the rock. 
es considerable var ia-  

n a blast-hole, 
a considerable strength increase i s  t o  be expected (Fig.5). 
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2.3. Flow . in continuous porous media 

I n  poor ly fractured rock masses having a b r i t t l e  behaviour and 
i n  fractured rock masses ( i n  t rans i to ry  f low condi t ions) , the motion 
o f  the f l u i d  i n  the matr ix which i s  v i r t u a l l y  made possible by the 
presence> of communicating microf issures and pores, becomes consider- 
ably important. 

The experimental re la t ionships t h a t  l i n k  the poros i ty  values t o  
the permeabil i ty values, as suggested by some authors 1191, cannot 
be applied on a general basis since permeabi l i ty  i s  a funct ion o f  
many other factors.  

Extensive laboratory invest igat ions have pointed out  t h a t  the 
pore s t ructure can condi t ion the d i s t r i b u t i o n  o f  the permeabi 1 i ty 
valuesl201. 

Variat ions i n  the e f f e c t i v e  s tate o f  stress o r  i n  the pore pres- 
sure o r  i n  the temperature, e n t a i l  changes i n  the poros i ty  values. 

Fig. 6 shows t h a t  poros i ty  decreases as the e f f e c t i v e  hydrosta- 
t i c  stresses. increase for some t yp i ca l  rocks o f  the Larderel l o  f i e l d .  

High temperature values cause an extension o f  the d iscont inu i ty  
network probably because o f  the d i f f e ren t i a l  d i l a t a t i o n  o f  the sol  i d  
matr ix  t h a t  brings about a concentration o f  stresses. 

For some types o f  rocks, as temperature increases i n i t i a l l y  
there i s  a decrease i n  the porosity, problably caused by the d i l a t a -  
t i o n  o f  the minerals forming the rock. Beyond a ce r ta in  temperature 
value, a t  which new f ractures are i n i t i a t e d  1121 , the poros i ty  gra- 
dual l y  increases. 

The increase o f  e f fec t i ve  stresses causes the c los ing o f  the 
microfissures and as a consequence a decrease i n  the permeabi l i ty  
values. The extent o f  such var ia t ions depends merely on the form and 
on the or ien ta t ion  o f  the pores-and microf issures w i th  respect t o  
the applied s tate o f  stress and i t  var ies as the l a t t e r  varies. 

For the case o f  some sedimentary rocks (Fig.7) t h a t  are homo- 
geneous, no t  f ractured and compact w i th  equidimensional pores, perme- 
a b i l i t y  general ly var ies only s l i g h t l y  w i th  the d i rec t i on  and w i th  
the i n t e n s i t y  of, the s tate o f  stress 1221. 

On the other hand f o r  f issured rocks having a. r i g i d  behaviour 
there i s  a considerable decrease of permeabi l i ty  as the e f f e c t i v e  
stress increases123 , 241 and qu i te  often an anisotropic f low develops. 

Fig.8 shows the resu l t s  o f  permeabi l i ty  t es ts  performed on 
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samples of phyllites, -recrystallized micaschists and gneiss in the 
Lardarell o reservoi r. I 

I 

i 
Fig. 9 shows the permeability values df the'four samples in 

Fig.8, obtained for different values of the effective hydrostatic 
stress versus the corresponding'differing porosity values. A first 
analysis has shoNn that the two parameters ppear to be correlated 
by an exponential law. 
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Fig.7 - Experimental trend of the permeability versus the imposed state 
of stress: 1) non-fractured sandstone (ko= 60 ma); 2) compact 
sandstone (ko = 25 md) ; 3) highly fractured sandstone 1221 
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Fig.8 - Experimental trendjf the permeability for specimens submit- 
ted to hydrosta3Cc effective stresses varying from 2 to 100 
MPa (Larderello field) 
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However , further data are required in order to make a final eva- 
luation as to the general validity of the law. 

viour,when they are hydrostatically stressed and by assuming that 
the permeabil i ty values depend exclusively on t acting mean effec- 
tive stress, Morgenstern 1261 suggested the fol1 ing empirical rela- 
tionship between the permeability and the mean effective stress: 

For rocks having a homogeneous and isotro hydraulic beha- 
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By p l o t t i n g  the permeabil ity values obtained f o r  the 'samples o f  
theLarderel lo reservoir  i n  a log-log diagram the curves shown i 
Fig. 10 are obtained. The trend i s  a t y p i c a l l y  curv i l inear  trend 
tha t  has been noticed also f o r  other types o f  rocks having microf is- 
sures and a b r i t t l e  behaviour[23,24,261 , and i t  points out t ha t  the 
values o f  the coef f ic ients  o f  the empirical re la t ionship depend also 
on the range o f  the imposed e f fec t i ve  stresses. 

Loading and unloading cycles emphasize the i r reve rs ib le  beha- 
v iour o f  the f low 127,281 and t h i s - i s  probably due t o  the i r reve rs i -  
b l e  c losing o f  a par t  o f  the microfissures present i n  the samples. 

For very high stress values i t  i s  possible t o  determine the 
propagation and the coalescence o f  the microfractures which are em- 
phasizedl12) by the rapid increase o f  the permeabil i ty values129,301. 

The dependency re la t ionship o f  permeabil i ty on temperature i s  
rather complex. There i s  an increase i n  the permeabil i ty w i th  the 
temperature probably because there i s  a progressive change i n  the 
s t ructura l  character ist ics o f  the rock. 

through var iat ions o f  the values o f  the physical parameters o f  the 
f l u i d  (v iscos i ty)  and o f  the s tate o f  stress. The degree o f  the 
inf luence i s  mostly determinated even i n  t h i s  case by the physical 
and mechanical character ist ics o f  the rock, by the character is t ics  
o f  the f lu id,  by the way'in which the temperature changes occur, and 
by the s tate o f  stress. 

For some cases the trend o f  the permeabil i ty values versus tem- 
perature (Fig.11) proved t o  be s imi la r  t o  tha t  previously described 
f o r  porosi ty 121,311. By heating the rock a t  the beginning, there 
appears t o  be a decrease i n  the permeabil ity values. Later, f o r  
higher temperature values permeabil ity increases more o r  less rapid- 
ly. This f a c t  can probably be ascribed t o  an i n i t i a l  c los ing o f  the 
microfissures due t o  the expansion o f  the minerals forming the rock; 
c r i t i c a l  stress values i n i t i a t e  new fractures o r  they propagate the 
ex is t ing ones thus causing an increase i n  permeabil ity. 

Hot and cold cycles have pointed out a hysteresis i n  the permea- 
b i l i t y  values (Fig.11). This can probably be a t t r ibu ted  t o  the propa- 
gation o f  the microfractures produced by the temperature increase 
and by the contraction o f  the rock minerals causing a var ia t ion  i n  
the s tate o f  stress and the - i n i t i a t i o n  o f  new microfissures. 

i n  s i t u  because a l l  the var io  e f fec ts  tha t  have been a 

The temperature var ia t ion  a f fec ts  permeabil i ty even i n d i r e c t l y  

A l l  the aspects tha t  hav een i l l u s t r a t e d  are made more complex 



lo1 

K 
(mdl 

100 

10' 

129 

LARDERELLO FIELD 

, I : . 
I i , .  

5 10 ( E ' + A I )  50 IO0 g'(MP8) 

Fig. 10 - Expe uta1 trend of the permeabil 
ted to hydrostatic effecti 
fitted by equation (2) (Larderello 

imental data stresses and 



130 

Fig.12-Permeability variation versus the uniaxial state of stress and 
the temperature variations. The typical trend is caused by the 
initial closing of the microfractures and the increase in po- 
rosity brought about by the induced stresses 1211 
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Fig.11-Permeability variation for growing temperature values and for 
cooling. Notice the typical trend of the heating curve which 
is similar to that of porosity versus temperature and the in- 
crease in porosity caused in the samples by the thermal 
stress 1261 
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rately obviously overlap. 

of the pressure perature variations. The curves prove t h a t  i t  
i s  not possibl ect the phenomenon univocally. Indeed, i n  some 
cases, temperature -appears t o  play a marginal role as compared w i t h  
the imposed stress, i n  other cases thermal stresses have a greater 
influence. T h i s  difference is probably due t o  the differen 
rock and t o  the type o f  imposed stress. 

2.2. Mass flow i n  fractured rocks 

As an example, Fig.  1'2 shows the effects on-permeability both 

In most geothermal wells the flow under standard conditions 

rock mass and of  t 

Experience has shown t h a t  i n  geothermal fields conditions of flow 
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Table 2 - Italian Geothermal Reservoirs 
FIELDS RESERVOIR FORMATION 

Larderel 1 o 
Travale ” 

Monte Amiata 
Piancastagnaio . I1 

Torre Alfina Limestone 
Latera 
Cesano 
Lago Patria Tuffs 

Quartzites , Phyll 9 tes 
I1 II 

II I1 

I1 

I1 ’ 

0 

anisotropy, d 
characteristics o$ the fractures (spacing, opening, s t  
to their orientation and distribution, to the extent to which they 
are filledas brought about by the settling of salts, to the state. of 
stress. 

A typical example 1321 of dishomogeneous distribution of the flow 
is found in the Larderello reservoir that represents a reliable means 
for exploring the details of this problem due to the high number of 
wells that have been driven. 

ation of the fractures, that are mainly sub-vertical, plays an import- 
ant role. In the upper part of the reservoir, these fractures are 
partially closed due to the settling of salts, and besides, intense 
recrystallization occurs due to the high temperatures. Furthermore, 
in these reservoirs the inter-section of a high number of discontinui- 
ties and their dihomogeneous filling originates canals where the flow 
runs; these canals could even have led to surface manifestations (vol -  
canic chimneys). 

In order to 
reservoir engineering problems, the rock mass can be schematized as 
a porous and continuous medium having an anisotropic permeability 
with,on average, the same characteristics as the real rock mass 1331 

In this manner, the value’of the average rate can be defined for 
each point and the proportionality relationship between the velocity 
vector and the potential gradient vector is defined by means of a 
symmetric matrix of the permeability 131 I. 

If the objective is that of studying the surrounding of a well in- 
side a reservoir (for example when the well crosses an important dish 

omogeneity may be found, according t 

Another example is the Cesano Reservoir (Fig. 13) where the orient- 

theoretically analyse in a straightforward way the 

C;T. 
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, .  

continuity surface or when dealing with. stimulation problems), it is’ 
preferable to assume a perfectly. impermeable continuum crossed by 
several systems o f  joints that, more or less, intercommunicate, In 
this case,-the solution to the flow problems can be found by studying 
in detail, the motion of the fluid through such discontinuities. 

Experimental tests 1341 carried out on a rough natural fissure in 
a porphyry specimen in which the joints had different opening condi- 
tions, have pointed to a clear non-linear relationship between the 
flow-rate and the hydraulic gradient. For very low hydraulic gradients 

, 

\ I 

CfSANO FIELD 

wells; 2)dry we 
telluric discontinuities; 5) gravity anomalies; 6)main region- 
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there i s  a progression towards a' non-1 inear  laminar condi t ion and 
f i n a l l y  t o  a turbulent  f l ow  (which i s  t yp i ca l  i n  the case o f  a f rac -  
t u re  crossed by a wel l ) .  On the basis o f  these resu l t s  a power law 
was proposed between the e f f e c t i v e  mean f low r a t e  o f  the j o i n t  and 
the opening "e" w i t h  an exponent t h a t  var ies according t o  the f low 
r a t e  : 

The exponent i s  2 f o r  a l i n e a r  laminar flow; 1.2 f o r  a f u l l y  
turbulent  flow, and i t  ranges between these two values f o r  the non- 
l i n e a r  laminar flow. 

hydro-dynamic act ions t h a t  change the ex i s t i ng  s ta te  o f  stress ins ide  
the rock mass. It must be borne i n  mind though, t h a t  the permeabil i -  
ty  ins ide the f rac tu re  depends on the s ta te  o f  stress, since var ia-  
t i ons  i n  the l a t t e r  cause more o r  less considerable var ia t ions  i n  the 
opening of the j o i n t s .  It i s  obvious t h a t  the water f low problems 
and of the induced state of stress cannot be solved separately since 
they mutual ly inf luence each other, even i n  a ra ther  considerable 
manner a t  times. Since permeabi l i ty  var ia t ions  are l inked t o  va r ia t -  
t i ons  i n  the j o i n t  openings, i t  i s  i n te res t i ng  t o  take i n t o  consider- 
a t i o n  the deformabi l i ty  o f  the j o i n t s ,  together w i t h  the s ta te  o f  
stress. 

caceous sch is t  o r  on sandstone samples, have pointed ou t  t h a t  the 
f low through the. f ractures decreases as the normal e f f e c t i v e  s t ress 
value increases on the j o i n t  w i t h  a decidedly non-l inear trend. This 
decrease i s  very rap id  and i t  i s  i r r e v e r s i b l e  already dur ing the 
f i r s t  loading and unloading cycles, even a t  low e f f e c t i v e  stress 
values. The r a t e  a t  which the permeabi l i ty  decreases i s  l inked t o  
the opening o f  the f ractures.  For closed f ractures there i s  a rap id  
decrease a t  the low e f f e c t i v e  stress values, whereas as the s t ress 
increases, the permeabil i ty value remains constant. For f rac tu res  
having a la rger  opening, the constant permeabi l i ty  value i s  reached 
a t  higher imposed e f f e c t i v e  stress values. Permeabil i ty does no t  mark- 
ed ly  vary w i t h  pa ra l l e l  stresses a t  the j o i n t s  whereas, i t  decreases 
considerably and i r r e v e r s i b l y  w i t h  the shear stresses due t o  d i l a t a -  
t i o n  t h a t  occurs close t o  the l i m i t  s t rength condi t ions o f  the j o i n t .  

Theoretical analyses show t h a t  the permeabi 1 i ty o f  the j o i n t s  
var ies markedly w i th  the temperature 1351 It must be noted t h a t  pro- 
bably most o f  the permeabi l i ty  var ia t ions must be a t t r i b u t e d  t o  the 

Water f low ins ide ' the  f ractures,  as not iced previously, leads t o  

Laboratory tes ts  1271 ,carr ied out  on large-size samples o f  m i -  
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var ia t ions i n  the state of: stress induced by temperature var iat ions.  

i ng  'an evaluation o f  the hydraulic character is t ics  o f  f ractures on 
the basis o f  resu l ts  provided by the permeabil i ty -tests conducted on 
rock samples because, t h i s  evaluation can d i f f e r  from tha t  in fe r red  
on the basis o f  the i n  s i t u  measurements. This di f ference i s  greater 
the higher the f racture control on the f low inside the reservoir  (as 
general ly occurs i n  I t a l i a n  reservoirs). 

simulations o f  the pressure conditions o f  the f l u i d  and o f  the s tate 
o f  stress (when studying the permeabil ity) I t  i s  very d i f f i c u l t  t o  
obtain a meaningf 
smal 1 samples. 

t y  and s tate o f  stress are mutually interdependent. For the resero i rs  
where permeabil i ty depends almost exclusively on fractures, the de- 
crease i n  the production o f  the wel ls i s  t o  be a t t r ibu ted  t o  a decrease 
i n  the pressure o f  the f l u i d  (increase o f  the e f fec t i ve  stress). Con- 
versely, i n  the reservoirs where matrix permeabil ity prevai ls,  the 
effect ive stress appears t o  have less inf luence on the l a t t e r .  

The curves obtained f o r  production and in jec t i on  tests  do not 
d i f f e r  much f o r  the reservoirs where matrix permeabi 1 i ty prevai 1 s , 
whereas i t  was pointed out t ha t  the i n jec t i on  ra te  i s  much higher than 
the output ra te  f o r  reservoirs where permeabil ity i s  due t o  f ractures.  
Increasing flow values during production lead t o  an increase i n  
the e f fec t i ve  stress tha t  tends t o  close the fractures. Whereas, f o r  
the case of in ject ions,  as the f low ra te  increases the e f fec t i ve  
stress tha t  acts on the wal ls o f  the fractures decreases. 

It must be borne i n  mind tha t  much caution i s  necessary when mak- 

Indeed, while *it i s  possible t o  make s u f f i c i e n t l y  good laboratory 

esenta ti on he fractured medium by us in 

Observations made i n  some f i e l d s  i rm the fact  t ha t  permeabili- 

3 - HYDRAULIC FRACTURING 

As known t h i s  technique consists i n  using a f l u i d  t o  pressurize a 
hole section iso la ted by packers i n  order t o  lead t o  the f a i l u r e  

o f  the wal ls o f . the hole and t o  a propagation o f  the f racture.  The . 
f racture c lea r l y  en ta i l s  an increase i n  permeabil i ty due. t o  a decrease 
i n  the e f fec t i ve  stresses. 

By analysing the resul 
sandstones and dolomites (Fig. 14) 12 essure curves 
are characterized by three more o r  less w e l l  defined curve port ions 
depending on the permeabil ity character ist ics,  on the v iscos i ty  o f  
the f l u i d  used,and on the i n jec t i on  conditions. The OA i n te rva l  repre- 
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sents the in i t ia l  pressurization of the hole; AB corresponds t o  the - 

opening of some fractures i n  the pressurized part of the hole which 
have a favourable orientation; BC corresponds to  the propagation of 
the preferenti a1 fracture . 
formations are involved (since the f l u i d  can be injected and i t  is  . 
not possible to  induce considerable permeability variations i n  the 
rock mass) and for formations having an impermeable matrix and scarce 
structural discontinuities and therefore, the flow is confined to  the 
fracture . 
the permeability of the reservoir versus the effective stresses both 
dur ing  the extraction of the f l u i d  (already discussed previously), and 
duringl'hydraulic fracturing" (Fig.15). Figure 15 points out t h a t  i n  

The curves show a marked lineartrend both when very permeable 

I t  is possible to make global analyses 1221 of the evolution of 

Fig.14-Hydraulic stimulation in reservoirs having different structural 
characteristics: 1)permeable sandstone(50-100 md); 2)medium 
permeability sandstone having slightly permeable fractures 
(10-50 md); 3) low permeability sandstone (10 md) having very 
permeable fractures; 4) dolomite reservoirs having very low 
permeability (<Clmd)- where a hydraulic fracturing treatment 
does not cause considerable effects 1221 -, 

1 
Lr ' 

( 
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ed, average permea 

fractured reservoirs permeability depends gr 
ive stresses, both during the hydraulic frac 
production I 22 I 

, permeability reservoirs. It' must be pointed -out that in highly 
ly on the effect- 
ing and during 

r ,  
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3. I Fracturing pressure 

The induced state o f  stress 
the f a i l u r e  phenomena have been deal t  w i th  by many authors I 
The ef fect  o f  the penetration o the pressurization f l u i d  i n  
rock has also been recent ly the b jec t  of invest igat ion 1381 by 
ing tha t  the rock i s  porous (wi th  f l u i d  i n  the pores a t  pressure Po), 
homogeneous and isot rop ic  and tha t  i t  has a l i n e a r l y  e l a s t i c  b r i t t l e  
behaviour. The f low o f  the f l u i d  caused by the pressurization 
o f  the hole a t  the pressure Pw fol lows Darcy's law. 

defined by a maximum o r  minimum pr inc ipa l  stress (os), i t s  d i rec t ion  
coinciding w i th  the axis o f  the w e l l ,  and by other two pr inc ipa l  
stresses having direct ions tha t  are orthogonal t o  ( T ~  and having such 
values tha t  C J H ~  > U H ~ .  

The or ig ina l  state o f  stress undergoes changes around the hole be- 
cause o f  the d r i l l i n g  o f  the well, the e f fec t  o f  pressurization and 
the temperature variat ions. For the excavation o f  the well ,  the o r i -  
g inal  stresses are red is t r ibuted according t o  Kirsch's relat ionships 
1401 . The state o f  stress induced by pressurization i s  a r e s u l t  o f  
the stresses deforming the rock around the hole i n  the assumption 
tha t  there i s  no flow, and o f  those tha t  are determined by the f low 
o f  the f ractur ing f l u i d  i n  the rock mass. The former are s imi la r  t o  
those represented by Lame's equations 1401 and are v a l i d  f o r  a hollow 
thick-walled cyl inder stressed by an in ternal  pressure Pw and by an 
external pressure Po tha t  ac t  a t  a cer ta in  distance. The l a t t e r  can 
be obtained f o r  an axi-symmetric f low and i f  a uniformly permeable 
formation i s  assumed,in qu i te  a s imi la r  way t o  the stresses induced by the 
heat f low through the wal ls o f  a hollow thick-walled cy l inder  1411. 
F ina l ly ,  the induced state o f  stress around the hole by temperature 
variat ions, can be in fe r red  by assuming a symmetric d i s t r i b u t i o n  o f  
the temperatures w i th  respect t o  the axes and i t  i s  independent from 
the depth 140, 421 . 

By overlapping a l l  o f  these effects; .the fo l lowing relat ionships 
are obtained tha t  give the e f fec t i ve  rad ia l ,  tangential and ax ia l  
stresses t o  the wal ls o f  the wel l  : 

und the well  and the analysis of 

The induced stresses were wr i t ten  f o r  an o r ig ina l  s ta te o f  stress 

u' = 0 (4) 

( 5 )  
1 - 2 ~  BEAT 

V 

0' (1-2cos20)+a' ~1+2cos20)-p (2 )+ - Hi H2 w -1-v 1-.v 
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1 - 2 ~  BEAT a' = a' - 2v (a; -a1  )cos28 - p,(l-a-) + z v I H2 1 - V  

I n  these re la t i onsh ips  the overpressure t h a t  determines the f l o w  
i s  provided by: 

(7) ' 

s t  cases takes on values 
keeps account o f  the mechani- 

. .  

e rock i n  r e l a t i o n  t o  the f l ow  18,41,421. It i s ,  

a = 1 -  - (8) 
C r  

cb 

and i t  can be determined by 
, On the basis o f  the foregoing i t  can be stated 

bout a c l e a r l y  non-l inear behavio 
he a values f o r  the most common r 

whereas, as th,? e f f e c t i v e  stresses increase, a tends t o  values rang- 
i n g  between 0.04 and 0.06. 

The re la t i onsh ips  p o i n t  ou t  t h a t  as overpressures Pw increase, 
t he  a x i a l  and tangent ia l  stresses tend t o  become t e n s i l e  stresses. 
The minimum value o f  a pressure necessary f o r  inducing t e n s i l e  stress- 
es along the wal ls  o f  the wel l  i s  obtained when 8 = 0 and so the r e -  
l a t i onsh ips  are as follows: 

a' = 3a;* - a' - P, (2 ( 9 )  

"L = a' V - 2v(a'  HI - UA2> 
e HI 

(10) 

So, one might conclude t h a t  i f ,  as o f t e n  occ 
i s  the maximum p r i n c i p a l  stress or,  i f  i t  i s  the minimum p r i n c i p a l  
stress, b u t  t he  d i f f e rence  (a;I, - a' ) i s  n o t  very high, a v e r t i c a l  
f r a c t u r e  w i l l  be induced along the 

The l i m i t  value o f  the pressure a t  which f a i l u r e  occurs i s  ex- 
pressed by the fo l l ow ing  r e l a t i o  

H2 w a l l  o f  the wel l .  

a + 3a' - 0' BEAT / ( V - V )  
t H2 HI 

(11) 
I 

C 

*w 2 - a (1 - 2 v /  I - v )  
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where 
nator general l y  ranges between the 1 i m i  t s  : 

'if thew and a values are as previously indicated, the denomi- 

1 - 2v 
1 - v  - 1.3 5 2 -  a- < 1.9 

and f o r  the same rock i t  varies as the pressure varies. The lower 
l i m i t  can be applied f o r  impermeable rocks, whereas the upper l i m i t  
can be applied f o r  permeable rocks. 

pressures, as determined by the in jected f l u i d ,  does'not inf luence 
the s tate o f  stress i n  correspondence t o  the wal ls o f  the wel l  , and 
therefore i t ' does  not a f f e c t  the value o f  the f rac tu r ing  pressure. 
Vice versa, the experimental resu l ts  (Fig.16) obtained i n  the labora- 
to ry  144,451 and i n  s i t u  1461, have pointed out  t ha t  the strength va- 
lues obtained by cont ro l l ing  the ra te  o f  pressurization, are d i f f e r -  
ent  from those obtained by cont ro l l ing  the value o f  the flow. tlhereas, 
by means of the l a t t e r  procedure, the increment ra te  o f  the load does 
not affect the strength,in the former case the strength increases as 

Relatfonship'(11) points out t ha t  the d i s t r i bu t i on  law o f  the 

, 

Pressurization rate ( MPa /s 1 
Fig.16-Hydraulic fracturing: influence of the pressurization rate on 

the strength of the rock samples 1441 
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b 

might expect. Thi 
robabi 1 i ty  o f  f a i  1 ure 

s t  probably be a t t r i -  
r r i n g  as the rock 

volume increases around the 'pressurized hole in terva l .  Indeed, expe 
r imental meas 
diameter o f  t 

Laboratory r 
the value o f  the 
pressure d i f f e r s  considerably' from the 
pression (11). I n  par t icu lar ,  f o r  i n c r  
o f  pb tend t o  de 
tained f o r  permeable rocks 
trend could correspond t o  

ments have shown tha t  strength decreases even as the 

i ning hor izontal  

ginning, the denominator of the re la t ionship assumes a value tha t  i s  
close t o  one when the load values are zero, whereas, i t  tends t o  the 
typ ica l  maximum l i m i t  o f  scarcely permeable rocks as the stresses in- 
crease. 

The experimental analysis has pointed out  t ha t  anisotropy. has a 
high inf luence 1481 on the pfi values. Under the same conf in ing stresses 
where'a, > uH and ndependently from the a, /'aH ra t i o ,  the p i  va- 
lues are higher when the i n jec t i on  hole i s  orthogonal t o  the schisto- 
s i t y  planes and i t  gradually decreases down t o  the minimum value when 
schis tos i ty  i s  para l le l  t o  the axis o f  the well. 

I f  the hole i s  crossed by jo in ts ,  the values o f  the breakdown 
pressures can prove t o  be independent from the t e n s i l e  strength o f  
the rock crtJhisindependence i s  a funct ion o f  the  geometrical and 
hydraul ic character is t ics  o f  * the fracture, o f  the s tate o f  stress and 
o f  the pressurization methods, as already described. According t o  the 
foregoing paragraph,in these cases, the f l u i d  r e l y  flows through 
pre-exist ing fractures, and i t  enlarges them. 

A typ ica l  example i s  provided by Fig. 17, i c h  re la tes t o  an ac i -  
d i f y i n g  process carr ied out i n - t h e  Torre A l f l na  Reservoir 1491. It 
can be noticed tha t  du pressure increases 

he flow ( i n  order f about 16 MPa, a 
the pressure i n -  
onstant flow; the 

c ien t  t o . ra i se  the 
n though the f low maximum values b 
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i s  maintained around this value, there i s  a corresponding pro 
and irregular decrease of the pressure. The latter pressure decrease 
is probably related t o  t h  increase measu 
annulus between the casin r i l l  pipes, d e t  
tension of the rock volume,involved i n  the fractur ing treatment, In- 
deed, i t  i s  quite probable t h a t  treatment has also af ted the walls 
of the open hole beyond the packers. 

The volume of the rock mass affected by the fracturing processes' 
increases during the second phase of the stimulation treatment. In 
fact ,  from the very f i r s t  instant, the pressure. i n  the annulus i n -  
creases regularly wi th  t h  low. Subsequently, w i t h  a considerable 
flow increase the annulus essure decreases down t o  value 
zero and this seems t o  indicate t h a t  the open hole i s  con 
a wider zone o f  the rock mass. 

U? 
3m 
9 

In !?  
! 

200 

20 
Pw 

MPa) 

10 

0 

Fig.17 -Hydraulic stimulation at the Torre Alfina well: a) flow versus 
rized interval measured at well time; b) pressure in the pre 

head versus tim 
rsus time. The three diagrams relate to the phas 

m3 of water solution containing a 
4% HC1; 2) inj of 40 m3 of the wa 

jections of 12 m3 
solution containing 
water each 
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a wider zone of the rock mass. 

pressure i s  noticed inside the open hole. 

because of the inevitable irregularities tha t  are present i n  the walls 
of theppressurized interval 1461. The probabili ty o f  obta in ing  hori- 
zontal fractures increases when one of ,the ends of the pressurized 
interval i s  the bottom of t 
tures are helped by the concentration of'stresses linked t o  the geo- 
metry of the well bottom. S 
can be initiated near r i g i d  
tical tensi 1 e stresses I 37 I 
the tangential stresses, whereas, the u t i1  ization of rubber  packers 
maintains higher tangential stress values tha  
the entire length of the pressurized interval 

Fractures having an anomalous directi 
be expected on the basis of the foregoing 
should generally deviate a t  a distance.from t h  
down t o  the vertical direction. In particular 
a pre-existing fracture were t o  cross the well 
theory based on the concepts "Fracture Mechanics", f o r  a non hydro- 
static principal state of s t r  , the propagation o f  a fracture i n -  
si.de a medium having a linear elastic behaviour follows a route i n  
which the deformation energy density assumes nimum value. There- 
fore as i t  lengthens, the pre-existing fractu ends t o  assume an 
orientation t h a t  i s  perpendi a r  t o  the mini principal stress 
1501. I t  m u s t  be pointed out  a t  the state o ress induced around 
the edges of the fractures produces a concentration o f  stresses t h a t  
aim a t  plasticizing a par t  of the rock. Furthermore, the fractures 
t h a t  are present at a distance from the having appropriate geo- 
metric characteristics c 
fracture (Fig.18), t h a t  

not be predicted. 
alculation me 

e l l .  In this case the horizontal frac- 

arly,  horizontal or inclined fractures 
kers due t o  the h i g h  value of the ver- 
ch is clearly greater t h a n  t h a t  of 

e vertical ones along 

mpared w i t h  those t o  
r ideal material, 
1s of the hole, 
e case i n  which 
rding t o  the 

iate the propagating 
me a configuration tha t  virtual- 

the fractures induced re a l l  based on the 
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assumption that the rock is homogeneous, isotropic and characterized I 

by an elastic behaviour. 
Two fundamental calculation techniques were developed: one keeps 

account of the mechanical characteristics o f  the rock that is assumed 
to be impermeable 1511 , the other method keeps account o f  the flow 
through the walls 1521, An overall analysis of the various methods 
allows an evaluation o f  the geometrical parameters o f  the frac 
as the various fundamental parameters involved vary 15 

According to such theories, an induced vertical fr 

2100 

2120 

21io 

2160 

2180 

220( 

2221 

63 24.4 

11.7 

5.3 

6.0 

6.0 

12 14.0 

32 37.0 
9 10.5 

z5 8.8 

Fig.18-Hydraulic stimulation at the Torre Alfina well. The Figure 
points out the height of the formation near the well involved 
in the stimulatio 
ing fractures 

1 .  

d the opening and connection of pre-exist- 
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tical models that do not keep account of the actual'geological and ' 

state of stress. 

sive and by the decoupling. 
The maximum extension of the crushed zone and of the radial crack- 

ing zone that can be obtained in homogeneous and isotropic rock masses 
can be calculated by 1541 : 

sp heri ca 1 $cr = A2 w v 3  (13) 
crushed zone 

cylindrical $cr = A3 Q ( 1 4 )  

spherical (br = 1.6 AI, W 'I3 (0 .48  Bca5+ 1) * 

zone cal .$r  = 2.5 A~ Q Q5 .32 B c a Q + l )  (16) 

The coefficie nd A, can be estimat on the basis of the 
relationship between the extension of the crushed zone versus the 
characteristic impedence of the rock (Fig.19). The coefficient A, and 
AS are respectively equal to 0.24 and 0.11 for rocks having the same 
characteristics as the Lithonia Granite and for an explosive having 
a mean detonation velocity. 

Relationships have been worked out 1551 on the basis of the re- 
sul ts obtained with nuclear explosives: 

'13 crushed zone = 0.20 w 
1. 

I ~ radial zone (br 52 W ''3 ( 1 8 )  - 

It must be pointed out that 'the coefficients are constant under 

1 
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the simplified assumption that the result of the explosion is inde- 
pendent from the mechanical characteristics of the rock mass. Further- 
more, i t  m u s t  be pointed out  that there is  only a sl ight difference 
between these coefficients and those obtained w i t h  the results of con- 
ventional explosions i n  spite of the fact  that the quantity used i s  
many orders of magnitude smaller than the nuclear explosives, 

basis of the experimental results provided by explosions of conven- 
tional spherical charges:However, the trend proposed, appears t o  
disagree w i t h  the physical and mechanical phenomena that govern the 
fracturing processes. With  reference t o  the maximum experimental va- 
lues,the coefficients of the relationships indicating the extension 
o f  the crushed zone are obtained: 

Figure 20 shows the empirical relationships proposed 1561 on the 

* @ LITHONIA GRANITE GNEISS 

A LIMESTONE 
@ SALT 

. .  
= 0.47 W v 3  

'cr 

I I 

1 0.20 0.20 r 

@Cr 
w0.33 

0.10 

0.05 

0.00 

( v r  (g/cm3xkm/s) 

Fig.19-Influence of the mechanical characteristics of the rock on the 
extension of the crushed zone. The analysis was carried out 
for spherical and cylindrical charges. The values shown repre- 
sent the average of the results obtained by using various 
types of explosive 1541 

I 
! 
1 
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c 

( 20)  0, = 1.36 W ' I3 

As a comparison, Bc = 20 can be fixed and by using explosive hav- 
ing a high detonation velocity, the coefficient values o f  the relation- 
ships (13) and (15) are: 

$cr= 0.28 W1I3 (13') 

(15') 0, = 1.20 w '1. 

The experimental values of the crushed zone 1571 , relating to 
cylindrical explosive charges (length-diameter ratio equal to 2) 
appear to be well correlated to the quantity of explosive by a law 
of the bilinear type (Fig.21). This result appears to suggest the 
variability of the coefficients and of the exponents of the relation- 
ships used to evaluate the extension of the crushed zone. 

imposing that 
rical, the value of the coefficient is: 

By carrying out a correlation analysis of the linear type and by 
the geometry of the explosive charge must be sphe- 

(21) 4cr= 0 .24  W '13 

therefore, it is very close to that obtained for the nuclear charges. 

4.2 Influence o f  the diameter o f  the charge cavity 
So far, direct experimental measurements of the extension of the 

radial fractures, are rather scarce. Some indirect measurements made 
in the Lithonia Granite, relating to cylindrical charges, 1581 pro- 
vide the following relationship: 

(22) 

As a comparison, if the mean values of the coefficient A, and a 

Or = 0.37 Q '' 

@r = 1.0 Q **' (16') 

value of Bc = 20 are adopted, expression (16) will be as follows: 

On the basis o f  (16'), in wells having a 0.2 metre-diameter and 

The development of the radial cracks and 

I by assuming a charge density of 1.4 kg/dm3, the radial cracking zone 
would extend to a diameter o f  7 metres. 

the crushed zone in- 
creases linearly, the charges being the same, as the diameter of the 

I 

1 
G I  



hole increases. A calculat'ion example i s  given i n  Fig. 22 where (14) 
and (16') were used and a charge density o f  1.4 kg/dm3 and a mean 
value o f  coe f f i c ien t  AS were considered. This example suggests tha t  

material having prbpr i ate mec hani cal character- 
i b l e  t o  obtain a reater extens i o f  the crushed 

zone by means o f  a succession o f  explosions i n  t h  ame wel l  , each 
' 

u t i l i z i n g  the crushed zone o f  the previous explosion as charge cavi ty.  
The upper l i m i t  o f  the extension i s  obviously conditioned by the tech- 
n ica l  problems involved i n  removing the rubble tha t  obstructs the new 
charge cavi ty.  

Figs. 23, 24 and 25 w an example o f  the size o f  the new volumes 
cav i t ies.  The calc 

used and ihe  charges were's 
The d i f f e r e n t  i n f  1 uence 

explosive on the extension o f  the crushed fone em 
deed, while i n  the s a l t  and limestone the extension o f  the'crushed 
zone does not depend on the type o f  explosive used, i n  grani te l the 
l a t t e r  i s  c r i t i c a l  1541 . However, as t o  granite, t h i s  dependence 
tends t o  decrease i n  the explosions fol lowing the f i r s t  one; t h i s  
might probably be due t o  the drop i n  the peak and residual values 
o f  the mechanical character ist ics o f  the medium, a t  the rad ia l  crack- 
i ng  zone. 

As a pcel imfnary i n d i  
carr ted out ' in the.same r 
character is t ics  and decou 
show tha t  the extension o 
type of explosive used i 

Expression (16) provides an evaluation o f  the extension o f  the 
rad ia l  cracking brought about by a succession of explosions i n  the 
same hole, but the volume o f  the charge 
ly. Under the assumptio hat the sequen 
i n i t i a t e  new fractures 
by the previous explosions, expressjon (16) w i l  

out  t ha t  the tes ts  
61 1 wi th  explosives. having .d i f fe ren t  

up l ing i s  kept greater than one (Fig.26). 

varying between 1.2 and 1;26, seem t o  
crushed zone i s  independent from the 

i ty increases progressive- 
o f  explosions does not 

mere?y propagates the ex is t ing  ones induced 
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Fig.22-Extension of the crushed zone (curve 3) and of the radial 
cracks (curve 2) in the rock mass which is similar to the Li- 
thonia Granite, versus the diam. of the hole. The values are 
based on explosions where decoupling was equal to 1. Curve 1 
provides the extension of the radial fractures in the presence 
of discontinuities. 

Fig. 23 - 

1 

Corre la t i 
zone and 
based on 

8 SG-30 ( 4 l k r n / s l  * AD-20 (4 Okrn/sl 

of the crushed 
the quantity of explosive. The values analysed are 
multiple successive explosions performed in the same 

blasthole. As regards the first explosions the marked influence 
of the type of explosive on the extension of the crushed zone 
must be noticed. This influence appears to decrease for the 
explosions following the first one 1601 I L 
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Fig.24-Correlation analysis between the extension of the crushed zone 
and the quantity of explosive. The values are based on multiple 
successive explosions performed in the same borehole. In this 

ntity of explosive 
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in.granite rocks and limestone I 6 2  1 is shown in Fig. 27 versus the 
number N of explosions. The lengthening of radial fractures in the 
granite is greater than In the limestone due t o  the larger vdlumes 
of the charge cavity that can be obtained through the sequence of ex- 
plosions. In the range of,examined values of N, the propagation that 
can be obtained in the granite is about: 

/ 9, = 5 

whereas for the limestone it is: 
( 2 4 )  

A different method that can help develop radial fractures and 
guarantee the connection between the radial cracking systems 163, 64, 
65, 661 is based on the phenomena related to the superimposition o f  
the stress waves induced in the medium by a number of simultaneous 
or nearly simultaneous explosions. 

4.3 Influence of natural discontinuities on the propagation of 
radial cracks 

The presence of natural discontinuities that cross the rock mass, 
and more generally, the dishomogeneity of the elastic characteristics 
of the medium influence the transmission of the stress wave induced 
in the rock mass by the explosion. The way in which the discontinui- 
ties influence the trasnmission of the stress wave is governed by 
the following relationship that relates the stresses to the elastic 
characteristics of the medium and by the continuity equation. This 
relationship applies to plane waves: 

‘T u + OR I 

For the most interesting case in terms of radial crack extension, 
in which ( P V r ) 2  is smaller than (m,)l(presence of fractures with or 
without fluid, or in two media where the modulus of elasticity E, is 
smaller than El), UT is smaller thanqand therefore for aaIof com- 
pression, a reflection stress wave in medium 1 is obtained. 

The reflection processes are furthermore conditioned, for the 
case of joints, by the characteristics of the fluid that fills them 6 I 

1 
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and by those of the joints themselves. 
The reflection stress wave can therefore bring about a further 

fracturing in the rock mass along the edges of the natural disconti- 
nuities; furthermore, since the reflection wave changes again the 
state of stress around the blasthole, it can further propagate the 
radial cracks in the direction o f  the joint. 

extension of the radial fractures (curve 1 in Fig.22) can be obtained 
through the following relationship which has been worked out from the 
one used for surface blasting: 

An evaluation I l l  I of the influence of the joints on the maximum 

(d)= 3-28 Q (27) @r 

The presence of structural discontinuities in the rock mass i s  
not always favourable to the propagation of the cracks. Indeed, if 
the total reflection of the radial component o f  the stress wave as 
tensile stress can be obtained, radial cracks can develop as indicat- 
ed in Fig. 28. 

The suggested trend points out that at "d" distances, between the 
blasthole and the discontinuities, that are smaller than the maximum 
radial extension o f  the cracks that can be obtained in a homogenous 
rock medium, the development of the fractures would be interrupted 
by the discontinuities. As the distance increases, the cracks propa- 
gate to a maximum value that can be approximately calculated by 
means of expression (27). For greater distances, the influence of the 
discontinuities decreases rapidly down to values where they are in- 
effective . 
4.4 Permeability induced by the explosion 

Experimental measurements have, only very seldom, been made of 

The qualitative trend of the permeability induced by the explosion 
the permeability induced in the rock mass by explosions. 

of cylindrical charges in a homogenqus rock mass i s  illustrated in 
Fig. 29. The diagram points out that induced permeability is lower in 
the crushed zone than at the beginning of the radial fractured zone 
where it reaches its maximum value. In that latter zone it decreases 
gradually until it reaches the permeability values of the rock mass 
166, 68, 691. 

pressed as a function of the distance from the axis of the blasthole 
The loss of permeability in the radial fracturing zone can be ex- 
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\ 

by the fo l lowing re la t ionship 1681 : 
-4 

k a d  (28) 

An increase i n  permeabil ity around the explosion cav i t y  could be 
obtained by decreasing the extension o f  the crushed zone. 

For rocks having a high character ist ic.  impedence i t  i s  possible 
t o  reduce the extension o f  the crushed zone by using low detonation- 
ra te  explosives 1541 ; they do however, a lso produce a smaller rad ia l  
cracking zone. I n  rocks having a less r i g i d  behaviour, the extension 
o f  the crushed zone does not appear t o  be influenced by the type o f  
explosive used 1541. 

I f  decoupling greater than one i s  used a t  a f i r s t  approach, i t  
car) be stated tha t  the development o f  the crushed zone does not  appear 
t o  be influenced by the explosive used (Fig.. 26) even i n  rocks having 
a high character is t ic  impedence. On the contrary, the stresses induc- 
ed i n  the medium scaled by the extension o f  the crushed z 
wi th  the explosive used. A deta i led and complete analysis appears t o  
be very complex f o r  the time being. It can, however, be pointed out 
t ha t  the l i m i t s  o f  the crushed zone are usual ly calculated by assum- 
i ng  tha t  the induced dynamic stresses are equal t o  the dynamic 
strength o f  the medium, On the other hand it has already 
sized tha t  the strength varies considerably w i th  the load 
5) and therefore also w i th  the type o f  explosive and w i th  the detona- 
t i o n  veloci ty.  An analysis o f  the f i a l u r e  phenomena t h a t  also keeps 
account o f  t h i s  dependence (between load r a t e  and strength) could 
lead t o  a more correct  in terpretat ion o f  the experimental data. From 
t h i s  standpoint, i t  would also be necessary t o  analyse the inf luence 
o f  the various energies introduced i n t o  the medium by the explosives 
and by the explosion geometry on the extension o f  the rad ia l  cracks 
tha t  lead t o  an ident ica l  development o f  the crushed zone. 

5 - CONCLUSIONS 

The analysis of the various parameters and o f  the laws tha t  govern 
the mechanical and hydraul ic behaviour o f  a geothermal reservo i r  i n  re-  
l a t i o n  t o  the mass f low and heat f low problems and t o  st imulat ion pro- 
cesses, po int  out the complex implications tha t  are involved when 
planning st imulat ion treatments and when dealing w i th  the resu l t s  ob- 
tained. . 

The models de ed so f a r  appear t o  be inadequate a t  large, 
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search providing greater understanding of the events that are involved 
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NOPIENCLATURE 
A, = constants 
BC = blastability coefficient ufd 

Cr atrix compressi b 
d ce blasthole-di inuity , distance ' 

1 k compressi bi 1 i ty 

ESec = Young Modulus (secant) 
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= Young Modulus (tangent) 
= opening fissure 
= depth 
= permeabi 1 i ty  
= ini t ia l  permeability 
= exponents 
= number of explosions i n  the same hole 
= porosity 
= in i t ia l  porosity 
= in i t ia l  pore f l u i d  pressure 
= borehole pressure 
= Ph - Po cr i t ical  borehole (break down) pressure 
= explosive quantity contained i n  a 1 metre lenght of the hole 
= flow rate 
= +(r,  cr)/+c 
= time 
= temperature 
= crushed zone volume 
= seismic velocity 
= detonation velocity 
= explosive quantity 
= 1 - cr/cb porous - elastic parameter of the rock 
= 1 inear thermal expansion coefficient 
= charge density 
= axial strain 
= strain rate 
= crushed zone diameter 
= radial fracturing zone diameter 
= radial fracturing zone i n  a medium by structural discon- 

= radial fracturing zone diameter induced by a sequence of 
tinui t i e s  

explosions i n  the same hole 
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16 3 

V 

QC 
Qh hole diameter 
Pr = rock density 

Pr 

= equivalent diameter of TN 

= mean density of the overlying rock massif 

= transmitted stress wa 

= minor principal stress (confiqjng) 



. €64 

L THE DOE GEOTHERMAL WELL STIMULATION PROGRAM 

R. J. Hanold' , D. A. Campbell2 , and A. Richard S i n c l a i r 3  

(1) Los Alamos Scie 
(2) Republic Geothermal Inc. - Santa Fe Springs, CA 
( 3 )  Maurer Engineering, Inc. - Houston, TX 

aboratory - Los Alam 

INTRODUCTION 

The s t imulat ion o f  geothennal wells presents some new and chal lengi  ng 
problems. The 
behavior o f  f rac f l u i d s  and proppants a t  these temperatures i n  a h o s t i l e  b r ine  
environment must be c a r e f u l l y  evaluated before performance expectations can be 
determined. In order t o  avoid possible damage t o  the producing horizon o f  the 
formation, the  high-temperature chemical compat ib i l i t y  be twen the  i n  s i t u  
mater ia ls and the f rac f lu ids,  f l u i d  additives, and proppants must be ver i f ied.  
Perhaps most s ign i f i can t  o f  a l l ,  i n  geothermal wells the  required techniques 
must be capable of  br inging about the production o f  very large mounts o f  
f l u id .  This necessity Tor high f low rates represents a s ign i f i can t  departu 
from conventional o i l  f i e l d  s t imulat ion and demands the creat ion of f rac tu r  
wi th very high f l o w  conduct iv i ty  o r  large f racture surface areas i n  the  case o f  
matr ix permeabil i ty daninated formations. 

St imulat ion treatments have been conducted i n  formations which produce hot 
water as a resu l t  o f  both matr ix permeabil i ty and from natural  ex i s t i ng  
f rac tu re  systems. 
in te res t  t o  t h i s  program: 

Formation temperatures i n  t h e  300-500 "F range can be. expected. 

' 

The fo l lowing targets o f  opportunity are o f  pa r t i cu la r  

. We1 1s tha t  require addi t ional  drainage area because of  i n s u f f i c i e n t  
formation permeabil ity. . Wells tha t  d id  not in tersect  nearby major f rac tu re  systems. . We1 1s tha t  suffered man-made damage during d r i l  l i n g  o r  completion 
operations including mud o r  cement invasion. . Wells t h a t  require per iodic remedial treatment as a r e s u l t  of f l u i d  
production re la ted damage. 

Although numerous c r i t e r i a  have been established f o r  the se lect ion o f  candidate 
wells, the most s ign i f i can t  i s  d e f i n i t e  proof o f  a good producing reservoir .  
These data are normally obtained .from of f se t  wel l  production. 

PROPPANTS 

Although sand i s  general l y  used as a proppant today and i t  has been the  
most widely used i n  the past, i t  i s  not strong enough t o  withstand the  
condi t ions i n  geothermal wells a t  .elevated temperatures. Sand i s  d e f i n i t e l y  
af fected by temperature, pa r t i cu la r l y  when tested i n  hot water o r  b r i ne  a t  
various closure stresses. Figure 1 shows the ef fect  o f  temperature on canmon 
frac sand (20/40 mesh). These resu l ts  are short term resu l t s  and on ly  suggest 
the  sever i ty o f  long term f i e l d  results. 

I 

L : 
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QOSURE STRESS (pi) 

Fig. 2. Permeabil i ty vs. Closure 
Stress f o r  Temperature 
Insensi t ive Proppants. 

F i r s t ,  the sand i s  b r i t t l e  and point-to-point loading can cause b r i t t l e  
fa i lu re .  
sand. 
stress corrosion cracking appears . t o  destroy the  sand a t  1 ow closure stresses. 
High temperatures and high stresses combine t o  br ing out the worst propert ies 
o f  sand and tend t o  emphasize the  f a c t  t h a t  sand i s  inadequate as an e f f e c t i v e  
proppant under high-temperature conditions. 

no temperature s e n s i t i v i t y  rmeab i l i t y  decrease under load. The Resin 
Coated Sand i s  not temperat 
permeabi l i ty  a t  any closure stress due t o  a s l i g h t l y  d i f f e r e n t  d i s t r i b u t i o n  o f  
p a r t i c l e  sizes. Figure 2 shows the  permeabil i ty o f  Resin Coated Bauxite and 
Resin Coated Sand under varying closure stress t o  10,000 p s i  a t  35OOF. No 
temperature dif ferences o r  sens i t  v i t i e s  were found so t e s t s  a t  a l l  tempera- 
tures gave the same resu l ts  shown i n  Fig. 2 w i t h i n  experimental scatter. One 
important point i s  t h a t  t he  r e s i n  coated materials are cohesive; therefore, 
once emplaced i n  the fracture, flowback i s  reduced during production. Although 
s l i g h t l y  crushable, the  Sintered Bauxite i s  much stronger than sand and 
e f f e c t i v e l y  i n e r t  i n  hot brines. Figure 2 sho ered Bauxite 
permeabil i ty b r increasing closure s exceeds Resin Coated 

There are several mechanisms t h a t  can destroy sand grains i n  the  f racture.  

Second, sand i s  f u l l  o f  microfractures and f a u l t s  which weaken t h e  
F ina l l y ,  when sand i s  stressed i n  a corrosive medium l i k e  hot water, 

he strongest proppant t o  date i s  Resin Coated Bauxite., It shows 

r ,load sensitfve, but does have a s l i g h t l y  lower 

a t  10,000 psi. 
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FLUIDS L' 
Many fluids and fluid systems have been tested for geothermal wells. 

Water soluble polymers are the main viscosifiers for application in geothermal 
wells. 
There are many techniques t h a t  can be used to  delay this decline o r  degradation 
in properties. One such technique i s  the addition of 5% methanol t o  the 
polymer water solutions, which has a stabilizing effect on the fluid. Other 
proprietary products are available which can be added as  high-temperature 
stabilizers. The effect of temperature on the viscosity of some proposed 
polymer-water frac fluid systems is illustrated in Fig. 3. 
viscosity of polymer "A" a t  temperatures above Z O O O F  could result i n  poor 
proppant placement in a high-temperature geothermal stimulation treatment. 
Laboratory testing of proposed frac fluids a t  elevated temperatures i s  a very 
significant element of the DOE geothermal well stimulation progran. 

Above 250°F almost all polymer systems show a decline i n  viscosity. 

The rapid decline i n  

Dissolved oxygen can cause 
polymer degradation b u t  by adding an 
oxygen scavenger t o  the water this 
effect can be minimized. The type 
and mount of polymer determines the 
speed and extent of degradation. 
Polymers used i n  fracturing are of 

400 - these basic types: polysaccharides , 
modified cel lul oses and polyacryl a- 
mides. These particular polymers wre  
chosen because of their unique ability 
t o  viscosify water, and a t  the same 
time t o  reduce tubular friction and have 
a good tolerance t o  brine. An ideal 
frac fluid would have the properties of 
h i g h  vi scosi t y  for proppant carryi ng , 
low pumping friction, wide chemical 
compatibility, and low cost. In the 
case of geothermal wells, an ideal frac 
fluid would retain i t s  desirable 
properties a t  the high temperature 

the proppant i n  the fracture. 

VlSCOSlTY 
IN 

CENTIPOISE 

100 - 
40 - 
10 - 
4 -  

100 200 300 

TEMPERATURE CF) 

Fig. 3. Polymer-Water Frac Flu id  until i t  has done i t s  j o b  of placing 
Vi scosi ty vs Temperature. 

PLANAR AND DENDRITIC FRACTURING 

Conventional fracturing is an attempt t o  make a planar, vertical fracture 
i n  the producing formation. This occurs when the pressure and fluid flow i s  
sufficient to  break the formation i n  i t s  plane of wakness. After the planar 
fracture i s  created,' a proppant i s  carried i n t o  the fracture t o  keep i t  open 
and conductive for subsequent production. In geothermal we1 Is, large ttbul ar.  
goods are available and the producing formations are reasonably shallow so t h a t  
h i g h  flow rates can be used to  create the pl anar fractures. Along w i t h  
efficient fracture creation, convective cooling can be achieved t o  keep the 
working fluid cooler t h a n  the anbient formation temperature. Fluid systems 

appl ication. Each formation's permeabil ity, porosity and temperature also 
t h a t  canplement the h i g h  flow rate fracs are chosen for each particular cj 
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b, affects the selection of t h e  
viscosity. The complex chemi emperat ure water requires 
canplete chemical c 

system's physical properties such as i ts  

in proponent of branched or 
dendritic fracturing has been Kiel . 

750 Kiel fracs have been run  
Dendritic fractures are 

caused by pulsing the formation which 
causes formation spalling and diversion 
of the fracture wings by downhole 
stress modification. Methods t o  
predict the extent and direction of the 

the best results have been 
in naturally fractured 
s where major and minor 

An 

are s t i l l  being worked upon; 

fracture systems already exist but  my 
not have flow capabil ity. 
more stages are used w i t h  each stage 
utilizing a low-viscosity fluid, sand 

igh flow rates and friction reduction 
re used t o  advantage on these treat- 

Dendritic Fracture dendritic fracture system is depicted 
(a f te r  Kiel ) 

Usually 5 o r  

I . slugs, and several flow-back periods. 

Fig.  4. Idealized Schematic of a ments. An idealized schematic of a 

in Fig. 4. 

STIMULATION TREATMENTS AT RAFT RIVER 

iver is  a moderately low-temperature ( 2 6 0 3 9 O O F )  hydr  
resource, Wells RRGP-1 and RRGP-2 are the best producing w l l s  in the field 
and appear t o  intersect a natural fracture zone w i t h  'high transmissibility, 
hav ing  a permeability thickness ( k h )  of greater t h a n  50 Darcy-feet. Wells 
RRGP-3, RRGP-4, and'RRGP-5 are less productive and were a l l  considered for 
stimulation. We1 1s RRGP 4 and RRGP-5 were chosen as the best two candidates 
because RRGP-3 i s  furthe frun the best producing wells and i t s  mechanical 
configuration i s  very complex. 
field. The Narrows Fault l i es  between Wells RRGP-1 and RRGP-2, and trends 
roughly east-west. 
Narrows Fault. 
northeast-southwest. 11 RRGP-5 l i e s  betwe 

There are two major faults running through the 

Well RRGP-4 i s  approximately 1/2 mile south of RRGP-1 and the 
The Bridge Fault i s  on the east side of the field and trends 

e. two faul ts, near their  

ng a t  a stabilized rate of 140 gpm and 
his i s  adequate productivity, b u t  the production cane 
of the completion 
s undesirably low 

terval, and the produced fluid 
Based on the performance of ' the better 

wells i n  the field and the proximity of Wells RRGP-4 and RRGP-5 t o  the Bridge and 
Narrows Faults, i t  was considered likely t h a t  highly productivel,fractures existed 
near the wells. Hydraulic fracture treatments in the deeper intervals =re 
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chosen as the best means t o  connect the wells w i th  major productive f ractures 
and t o  achieve the  desired produced f l u i d  temperatures o f  27OOF o r  greater. 
Although on the upper tenperature margins o f  conventional o i l  f i e l d  f r a c t u r i n g  
technology, no special techniques o r  mater ia ls were thought t o  be necessary f o r  
Ra f t  River. 

v ing a 195 f o o t  open-hole In te rva l  near the 
bottan o f  the well which was st imulated with a 7,900 bbl  hydraul ic f rac tu re  
treatment. 
ment. It was chosen because, if d e n d r i t i c  f rac tu r i ng  was achieved, i t  o f fe red  
the best chance o f  in tersect ing major natural fractures. The main concern was 
t h a t , a  single, planar f rac tu re  might only p a r a l l e l  and not i n t e r s e c t  t h e  
p r inc ipa l  natural fractures. The treatment was pumped a t  a high r a t e  (50 bpm) 
and u t i l i z e d  a l i g h t  polymer gel f rac f l u i d  ca r ry ing  a r e l a t i v e l y  low concen- 
t r a t i o n  o f  proppant. The treatment included 50,400 l b s  o f  100-mesh sand added 
f o r  leak-of f  cont ro l  and 58,000 l b s  o f  20-40 mesh sand proppant. 
layout  f o r  the f rac treatment i s  shown i n  Fig. 5. 

Q 

We41 RRGP-4 was recomplete 

The technique employed vas a four-stage dendr i t i c  f rac tu re  t rea t -  

The equipment 

- - 
WATER SUPPLY - - 

24,000 bbl LINED PIT 

1" FLOWBACK 
LINE TO PIT 

1 
BLENDER 

4-500 bbl 
FRAC TANKS 

8 FRAC UNITS 

VH. P. FRAC LINES 
I I 

Fig. 5. Equipment Layout f o r  RRGP-4 Frac Treatment. 

Fol lowing the treatment, the U.S. Geological Survey ran t h e i r  high-tenper- 
a ture acoustic borehole t e l  e v i e w r  and observed t h a t  t h e  created f rac tu re  
extended the f u l l  195-foot height o f  the open in te rva l  and was or iented 
approximately east-west, p a r a l l e l  t o  the Narrows Fault. I n  the  post-st imulat ion 
flow test ,  the w e l l  produced. a t  a s t a b i l i z e d  r a t e  o f  60 gpm w i t h  a downhole 
f l u i d  temperature o f  27OOF. This r a t e  represented a t  l e a s t  a f i v e - f o l d  
increase over the pre-stimul a t i o n  rate, but  was s t i l l  sub-canmercial . The 
produced fluid--temperature i s  s i g n i f i c a n t l y  higher than past measurements. hi 
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suggests tha t  the new a r t i f i c i a l  fra s producing fl u i d  fran a 
deep reservo i r  zone not open i n  the or ig ina l  h he chemical data fu r the r  
.support t h i s  in terpretat ion.  e extent o f  po egradat i o n  determined 
chemically i s  consrstent w i t  u id  production higher,  temperature tone. 

Conventional f rac tu re  curve analysis og-pl‘ot) y ie lds  a f rac tu re  
1 ength o f  appro a t l e l y  335 feet  and a kh o f  800 m i l l  idarcy-feet. The Horner 
p l o t  o f  the sam u i ldup data has two s t ra ight -  l i n e  segments, one 
dur ing ea r l y  t i  hours) and 0ne.d ng‘ l a t e r  t ime (greater than 
15 hours) . i v e  kh values o f  070 m i  1 1 idarcy-feet and 
85,000 mi l l idarcy- feet ,  and suggest the presence o f  more than one p e r m a b i l i t y  
zone i n  the v i c i n i t y  o f  the vel-1 e. Also, a negat t o r  (minus 6.0) 
i ndicat la ted  zone c los  

. We l l  RRGP-5 o r i  a1 l y  had good produc t iv i t y  from the,  upper po r t i on  o f  the 
canpl e t i on  in terva l ;  he goal of t h e  treatment f o r  t h i  11 was a s im i la r  o r  
h igher product i v i  ty  , t f ran  a deeper, ho t te r  in te rva l  
recanpleted s im i la r  t o  RRGP-4 i n  preparation, for t h i s  s t lmulat ion treatment. 
The recanplet ion consisted o f  cementing 7 in.  casing vhich excluded the 
ex is t ing  producing i n te rva l  -and 
bottom of the we1 1 . A more con 
create a s ing le propp acture was selected f o r  RRGP-5. The treatment 
consisted of  7,600 bb a r e l a t i v e l y  low v iscos i ty  polymer gel w i th  84,000 
l b s  o f  100-mesh sand fo r  leak-of f  cont ro l  and 347,000 l b s  o f  20-40 mesh sand 
proppant. Near the end o f  the treatment, the pumping ra te  was graddally 
reduced i n  an e f f o r t  t o  sand the well out and leave the f racture well-propped 
near the wellbore. As the ra te  approached zero, t 
t o  zero ps i  ind ica t ing  t h a t  canmunication-with 
ac 

created f rac tu re  spanned the upper 135 f e e t  
was or iented northea southwest, para1 1 e l  
s t i m  u l  a t  i on . product i test,  the w1.l s tab i l  ized very rap id ly  a t  a 200 gpm r a t e  
wi th  a 30 psfa .wellhead pressu . ‘The produced f l u i d  t m p e r a t u r e ’ m s  unchanged 
from the pre-stlmul a t i o n  fl ow. Following the natural f low test ,  a pump was 
i n s t a l l e d  i n  the well and i t  p duced more than 650 gpm Chemical analysis o f  
the-produced f l u i d  indicated a re1 ra te  of polymer degradation i 

I t h e  reservoir,  confirming tha t ,  the t raveled upmrd i n t o  a cooler  

These two segme 
, 

ft a 216-ft open-hole i n te rva l  near t h e  
t i ona l  , 1 arge f racture treatment designed t o  

L ”  

f racture treatment went upward t o  producing in te rva l  . The Horner 
p l o t  o f  the pressure bui ldup data 
the f racture dominated period and 
Estimates o f  the l a t e  time formati 
feet. 
sk in  fac to r  i s  not due t o  formation dama 

short  t r a n s i t i o n  phase between 
constant Vessure period. 

rge-greater than 100 Darcy 
This The Horner analysis ind icates a very la rge  pos i t ive sk in  factor. 

, RRGP-4 and RRGP-5 were 
hough the desired s t imulat ion resu l ts  were not- achieved. 

ulated from a PI o f  essent’ially 0 t o  0.6 gpm per psi. 
Well 
W e l l  
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L j  

RRGP-5 has a-post -s t imulat ion P I  o f  2.0 gpm per ps i  and no s i g n i f i c a n t  increase 
i n  .product iv i ty  o r  temperature.was achieved. The a r t i f i c i a l l y  created f rac tu re  
probably intersected ex i s t i ng  natural f ractures near the w 1  lbore. Summaries 
o f  the s t imulat ion treatments are presented i n  Tables I and 11. 

TABLE I TABLE I1  

’ RRGP-4 . . RRGP-5 ’ 

. . &STAGE KlEL FRAC 8/20/79 CONVENTIONAL (PLANAR) FRAC 1 1 /12/79 

FRAC FLUID: 7900 BBLS 
10 LBS H.P. GUAR/l000 GAL 
2 LBS XC POLYMERIl000 GAL 

. GUAR/1000 GAL 

SAND: 84,000 LBS 100 MESH 
SAND: 50,400 LBS 100 MESH 347,000 LBS 20140 MESH PROPPANT 

58,000 LBS 20/40 MESH PROPPANT 

50 BPM 
RATE: 50 BPM 

INTERVALs 4587-4803’ 

FRAC HEIGHT: 135’ 

RATE: 

INTERVAL: 4705’-4900’ 

FRAC HEIGHT: 200’ 

STIMULATION TREATMENTS AT EAST MESA 

Two hydraul i c  f rac tu re  s t imulat ion treatments were successful l y  performed 
i n  Republic Geothermal East Mesa wel l  58-30. 
o f  ananalously high heat f low on the east f l a n k - o f  the Salton Trough, a t  t he  
southeast corner o f  the Imperial  Val1 ey o f  Ca l i f o rn ia  East Mesa i s  a moder 
temperature reservo i r  producing fran a sandstone and s i1  ts tone rock matrix. 
Several features o f  the East Mesa f i e l d  made i t  an excel lent  choice f o r  t he  
next f i e l d  experiments. The rese rvo i r  i s  known i n  more d e t a i l  than most o ther  
geothermal reservoirs. 
designing and evaluating stimul a t i o n  treatments. 
reservo i r  temperature range (32Oo-35O0F) i s  t h e  next step i n  t h e  evaluation o f  
the f rac tu re  f l u ids ,  proppants and mechanical equipment. 
matr ix  type rese rvo i r  i s  also important a t  t h i s  stage o f  t he  progran. 
geometry has been successfully predicted i n  matr ix type reservo i rs  i n  the 
petroleum industry, and the ex i s t i ng  i n t e r p r e t i v e  techiques should t r a n s f e r  t o  
geothermal reservoirs. Furthermore, t he  rese rvo i r  f l u ids ,  w i t h  a t o t a l  
dissolved so l ids content o f  about 2000 mg/l are not expected t o  chemical ly 
i n t e r f e r e  w i th  the s t imulat ion f l u i d s  o r  tracers. 

mechanically. Unlike many other geothermal wel ls a t  East Mesa and elsewhere, 
i t  i s  canpleted wi th  a cemented, j e t  perforated l i ne r .  
opportuni ty t o  i s o l a t e  zones o f  a size t h a t  can be e f f e c t i v e l y  t reated and 
evaluated. The f i r s t  treatment was a conventional planar type hydraul ic  
f r a c t u r e  of a 250 f o o t  low permeabilty sandstone in te rva l  near the bottom o f  

East Mesa i s  located i n  an area 

Thi s i n-depth know1 edge provides a sound basis f o r  
This moderate geothermal 

, 
The se lect ion o f  a 

Fracture 

Well 58-30, selected f o r  these experiments, i s  i d e a l l y  s u i t e d  

This a f fo rds  an 

G:l 



171 

the w l l .  T h i s  zone d devel opment, bu e permeability has been 
severelv reduced bec uthigenic cementation by carbonate minerals. 
Porositi is s t i l l  high enough, hokver, t o  provide good storage capacity. A 
fracture treatment of this zone i s  intended t o  create a much larger effective 
drainage area surrounding the well in a manner similar t o  conventional oil and 
gas well stimulations, and thereby enhance the flow capacity. The treatment 
consisted of 2,800 bbl of a viscous crosslinked polymer frac fluid and 163,000 
lbs of sand. The fluid was pumped a t  an average rate during the . 

treatment with BJ Hugh s as the service canpany. 

higher permeability, 300 f t  interval of the same well. This upper zone, 
drilled w i t h  a predominantly bentonitic m u d  system, has good sands  (high 
porosity and penneabil i t y )  which show permeabil ity impairment near the 
wellbore. 'A mini-frac of these zones will bre hrough the mud and cement 
damage near the wllbore such t h a t  f l u i d  can m easily flow into the well 
fran the formation. The treatment consisted o f  10,300 bbl of low viscosity 
frac fluid and 44,000 l b  of 100-mesh sand pumped i n  5 stages a t  an average rate 
of 48 bpm. The job  was terminated before the planned 8 stages and 
because the rate/pressure history of the job indicated there was 1 
gained by pumping the last  three stages. The 100 mesh sand was used as 
fluid-loss control agent in the 50 md permeable sandstone interval tha t  
fractured. 

Fran July 25 t o  August. 2 ,  1980 the 
the fracture experiment on the upper zo 
6,547 t o  TD, was sanded back t o  prevent flow from the lower fracqzone. 
well flowed an average of 135,000 lbs per hour w i t h  a wellhead pressure o f  33 
psig. A wireline unit ws utilized t o  monitor the reservoir pressure buildup. 
Reservoir pressure buildup data  show the total open interval pemeability- 
thickness was 9,881 md-ft, or approximately a 2.5 fold increase i n  productivity 
for the upper frac zone. This analysis indicates the shallow hydraulic 
stimulation treatment of the high permeability, upper interval ws very 
successful. 
particular importance because such m u d  and cment damage i s  believed 

st t o  remove t h  
The coil tubing (used t o  inject nitro 

t was a dendritic fra a more shallow, 

WBS production tested t o  evaluate 
he lower section of the we11 from 

The 

The upper tone treatment t o  correct.near wellbore damage i s  o f  

Imperi a1 Val 1 

Well clean-out operations were initia 
covering the lower frac zone. 
and lef t  approximately 5,170 f t  of tubing in the hole. 
operations are in progres roduction test  of 
be performed to  evaluate r-frac job.  Sum 
treatments are presented 

Fishing and clean-out 

s I 1 1  and IV. 

, 
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TABLE I V  
. ' L TABLE I11 

WSA 58-30 (DEEP ZONE) EAST MESA 58-30 (SHALLOW ZONE) 
ONAL (PLANAR) FRAC 7/3/80 $STAGE KRL FRAC 7/6/80 

FRAC FLUID: 2800 BBLS FRAC FLUID: 10,300 BBLS 
CROSSLINKED POLYMER GEL 10 LBS H.P. GUAR/1000 GAL 1 

20 LBS CALCIUM CARBONATE/1000 GAL 
(FLUID LOSS ADDITIVE IN PREPAD AND 'FAD) 

2 LBS XC POLYMER/l000 GAL 
20 LBS CALCIUM CARBONATE/1000 GAL 

SAND: 44,500 LBS 100 MESH 

59,200 LBS 20/40 MESH SAND: 
. 60,"ooO LBS dp/40 MESH "SUPERSAND" 

RATE: 48 BPM 
RAE: 40 BPM 

MITERVAL: 4952'4256' (304') 
IMERVAL~ 6 5 8 7 ~ ~  (2.17) 

FORMATION: 3250F-50md 
FORMATION: 35OOF-15md 

CONCLUSIONS 

An e f fec t i ve  s t imulat ion treatment requires the i n te rac t i on  o f  four 
separate items. 

Frac f l u i d s  . Proppants 
Equipment . P1 anned and Properly Engineered Schedul es 

While there are good f l u id  systems and proppants, on ly  jud ic ious  
cmbinat ions and a k ~ l l  thought out schedule which uses a l l  o f  these mater ia ls 
and avai lable equipment t o  best advantage i s  an optimum st imulat ion treatment. 
Generally, high f low rates and convective cool ing can be used e i the r  w i th  
conventional ( p l  m a r )  f r a c t  u r i  ng or with a dendr i t i c  f r a c t  u r i  ng t'echni que. 
Many o f  todays f l u i d  systems have been tested t o  above 4 O O O F .  
survived qu i te  well. 
s e n s i t i v i t i e s  i n  sand; however, there are res in  coated mater ia ls and sintered 
bauxite which are not temperature sensitive. 
speci f ic  appl i c a t i o n  o f  f l u i d  systems and "proppants t o  the actual hydrothenal  
wells since the temperature, water chemistt-y and formation propert ies vary 
great1 y. 

Some f l u i d s  have 

Much more work i s  required i n  t h e  

Current t es ts  on proppants have shown temperature 

, , 
,/ , 

I, 



173 

bid 

THE D.O.E. HOT DRY ROCK PROGRAM* 

bY 

Gregory J. Nunz 
Los A1 amos S c i e n t i f i c  Laboratory 

The Un ive rs i t y  o f  Ca l i f o rn ia  
w Mexico 87545 

ABSTRACT 

Hydraul ic f r a c t u r i n g  has been used t o  create and ' 

subsequently t o  enlarge the f i r s t  hot d ry  rock 
heat-extract ion loop a t  Fenton Hi1 1, New Mexico. 
Encouraging r e s u l t s  prompted the DOE t o  expand t h i s  
p ro jec t  i n t o  a program o f  nat ional  scope. The elements o f  
t h a t  Program and t h e i r  present status are discussed. 

Emphasis i s  given the  ongoing Fenton H i l l  Pro ject  
where techniques and informat ion developed i n  the e x i s t i n g  
research system w i l l  soon be used t o  produce a 
mu1 ti ply- f ractured engineering system i n  ho t te r  rock a t  
t h e  same s i te .  
operat ion and progress i n  construct ing the engineering 
system are reported. 

i nd i ca te  t h a t  the p r i  ry hydraul ic f ractures are 
e s s e n t i a l l y  v e r t i c a l ,  e l  a t i v e l y  low f r ac tu r i ng  pres 
and absence o f  a shar reakdown suggest t ha  
H i l l  f r a c t u r e  i n i t i a t i o n  occurs by reopening 

Recent r e s u l t s  from research loop 

Although acoustic mapping and system geo 

a tu ra l  f rac tu res  rather  than by i n i t i a t i o n  
1 ow patterns and temperature behavior ggest opening of 
d d i t i o n a l  o l d  f rac tu res  as t h e  lo'op perated. Except 

em t o  enter the where the  hot f l u i d  leaves the crack 
production well ,  flow impedances are very low without 
e i t h e r  a r t i f i c i a l  propping or i n f l a t i o n  by 
pressur i  zation. 

I NTRODUCTI ON 

(LAX) demonstrated the successful ' es tab l  i s  
I n  September 1977, researchers a t  the Los Alam d e n t i  fi c Laboratory 

nt of the f i r s t  hot dry rock 

*Work performed under the auspices o f  t he  U.S. Dept. o f  Energy, D iv i s ion  
o f  Geothermal Energy. 



174 

(HDR) geothermal energy-extraction loop a t  t h e i r  Fenton H i l l  t e s t  s i t e  i n  
northern New Mexico. Results o f  t e s t i n g  t h i s  system over the ensuing year 
were extremely encouraging and motivated the DOE D i v i s i o n  o f  Geothermal Energy 
(DOE/DGE) t o  expand the Fenton H i l l  HDR Project  i n t o  a program o f  nat ional  
scope - the "Hot Dry Rock Geothermal Energy Development Program" (HDR 
Program"). 
various elements o f  the HDR Program, w i th  emphasis on the cont inuing Fenton 
H i l l  Project. 

L; 

This paper presents the current status and recent r e s u l t s  o f  t h e  

ENERGY-EXTRACTION CONCEPT 

I n  i t s  broadest sense, hot "dry" rock i s  c rus ta l  rock containing heat 
energy a t  temperatures o f  commercial i n t e r e s t  but which w i l l  not spontaneously 
produce indigenous f l u i d  a t  a r a t e  adequate f o r  economic energy extract ion.  
The basic HDR concept i s  therefore t o  '?nine" the heat energy from such rock by 
a r t i f i c i a l l y  in t roducing the heat t ranspor t  f l u i d  from the surface and, when 
required, a r t i f i c i a l l y  creat ing or  increasing the e f f e c t i v e  permeabi l i ty  o f  
the rock t o  provide the required subterranean heat-exchange area. 
o f  engineering implementations i s  thus possible. 
spec i f ic  approach t o  energy ex t rac t i on  w i l l  depend upon the temperature and 
nature o f  the formation, i $ s  permeabi l i ty  and porosity, i t s  c a p a b i l i t y  ( 
any) t o  self-produce, l o c a l  a v a i l a b i l i t y  o f  water, and other factors. 

A spectrum 
For any given s i t e ,  t he  

OBJECTIVE AND SCOPE OF THE' PROGRAM 
i 

The ove ra l l  ob ject ive o f  DOE's HDR Program i s  t o  demonstrate the 
commercial f e a s i b i l i t y  o f  geothermal energy derived from hot dry  rock 
resources. It i s  DOE's i n t e n t  t o  a t t a i n  t h i s  ob jec t i ve  w i t h i n  the 1980 
decade subject, o f  course, t o  meeting the ant ic ipated r a t e  o f  technolog 
progress and t o  the appropr iat ion o f  r e q u i s i t e  funds. The program i s  
field-managed by the  LASL, i n  conjunction w i t h  DOE's Albuquerque Operat 
O f f i c e  as associate program manager, under the aegis of the DOEJDGE. 

S 
c a l  

ons 
\I 

The scope o f  t he  program present ly encompasses app l i ca t i on  o f  the concept 
on l y  t o  formations o f  very low permeabi l i ty  (i.e. a few microdarcies, o r  
less).  The approach f o r  t h i s  appl icat ion,  as i l l u s t r a t e d  conceptual ly i n  
Figure 1, consists of: 
production wel l  - through the sedimentary cover i n t o  the  r e l a t i v e l y  
impermeable formation o f  i n te res t ;  (b) connecting these wel ls  through a 
man-made f r a c t u r e  system o f  appropriate size, created by hydraul i c ,  pneumatic, 
o r  other means; and (c) forming a closed c i r c u l a t i o n  loop by con 
t w o  wel ls  a t  t he  surface through a su i tab le  heat exchanger and c 
system. 

PROGRAM STRUCTURE AND PLAN 

(a)  d r i l l i n g  two w e l l s  - an i n j e c t i o n  well  and a 

The HDR Program consists o f  f ou r  major elements which der ive l o g i c a l l y  
from the  Program's object ive:  

. Resource Eva1 uat ion . Technology Development 
I n s t i t u t i o n a l  Issues Analyses . Commercial F e a s i b i l i t y  Assessment 

c, 
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The resource evaluat ion element i s  aimed a t  b e t t e r  i d e n t i f y i n g  the 
accessible US resource base and est imat ing the f r a c t i o n  thereof  t h a t  
cons t i t u tes  an economic resource. The dominant element, both i n  p r i o r i t y  and 
i n  a l located funding, i s  technology development which includes the  
establ  ishment of HDR systems a t  two reservoir-demonstration sites. Analysis 
o f  i n s t i t u t i o n a l  issues which bear upon the economics, o r  const ra in  t h e  
development, o f  HDR systems - e i t h e r  na t i ona l l y  o r  reg iona l l y  - forms an 
important support ive element. 
f o u r t h  where economical ly -or iented studies, culminat ing i n  a de ta i l ed  
commercial f e a s i b i l i t y  analysis, w i l l  u l t i m a t e l y  assess the  commercial 
po ten t i a l  o f  HDR-derived e l e c t r i c i t y  and space/process heat. 

with a f i n a l  resource evaluat ion completed as wel l  as the t e s t i n g  o f  the two 
demonstration reservoirs,  adequate data w i l l  be avai lab le t o  complete t h e  
commercial f e a s i b i l i t y  analysis. The r e s u l t s  w i l l  enable the DOE t o  make a 
f i n a l  dec is ion on whether o r  not t o  proceed with a commercialization program 
f o r  t h i s  technology. 

discussed i n  the  fo l l ow ing  sections- 

RESOURCE EVALUATION 

These three elements then i n t e r a c t  i n  the 

The current  program schedule i s  given i n  Figure 2. By f i s c a l  year 1987, 

The status and r e s u l t s  t o  date i n  each o f  the program's elements are 

The ob jec t i ve  o f  t h i s  element, as noted previously, i s  t o  obtain a 
r e a l i s t i c  est imate o f  the economic HDR resource o f  t h e  United States. The 
work i s  a coordinated e f f o r t ' w i t h  the U.S. Geological Survey (USGS) which has 
the primary char ter  t o  assess t h e  resources o f  the country. - The program i s  
compil ing and analyzing data relevant t o  HDR obtained l a r g e l y  from the USGS, 
state, and other  sources. Limited supplementary geophysical measurements are 
being sponsored by the  program i n  regions o f  s p e c i f i c  i n t e r e s t  f o r  HDR. 
data are being provided t o  t h e  USGS as well. 
ser ies o f  j o i n t l y  publ ished geophysical maps: geothermal gradient, regional  
rock propert ies, depth t o  basement, etc. A p re l  iminary geothermal gradient 
map, shown i n  Figure 3 ,  was publ ished i n  FY1980 and w i l l  be updated 
p e r i o d i c a l l y  as addi t ional  data become avai lable. 

promising s i t e s  throughout t h e  US which may have s i g n i f i c a n t  po ten t i a l  f o r  
fu ture development. One such s i t e  w i l l  be selected as the HDR Program's 
second demonstration s i t e  i n  the f i r s t  par t  o f  f i s c a l  year 1982. A number of 
candidates are present ly being studied, as shown i n  Figure 4, and several ' 
others w i l l  be invest igated before S i t e  2 i s  selected. 
s i t e s  w i l l  be documented i n  a compendium t o  be published a t  the end o f  f i s c a l  
year 1985. Each s i t e  w i l l  be characterized w i th  respect t o  geophysical 
character is t ics ,  proximate market potent ia l  and loca l  i n s t i t u t i o n a l  
constraints.  

These 
The e a r l y  products w i l l  be a 

A d e r i v a t i v e  e f f o r t  w i t h i n  t h i s  element i s  the character izat ion o f  

A host o f  promising 

TECHNOLOGY DEVELOPMENT 

(A) FENTON HILL PROJECT 

A t  present, the only operational HDR energy-extraction system i s  LASL's 
research system a t  the Fenton H i l l ,  NM s i t e  (Figure 5). The downhole po r t i on  

c 
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Fig. 4. Location o f  Selected and Candidate Prospect Areas 
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o f  t h i s  research sy3tem, as o r i g i n a l l y  established, consisted o f  a r e l a t i v e l y  
small 
EE-1, and production well, GT-2, through a ser ies o f  high-angle natural  
j o in t s ,  as shown i n  Figure 6(a). The essent ia ls o f  t h i s  geometry have been 
establ ished through nunerous wel l  logs, downhole in terwel lbore acoustic 
transmission experiments and extended f low tests. The smooth and continuous 
form o f  the pressure h i s to ry  curve generated dur ing f rac tu r ing  indicates tha t  
an o l d  sealed f rac tu re  was probably reopened (and possibly extended) ra ther  
than v i r g i n  rock matr ix  having been fractured. Three operational runs were 
conducted on t h i s  o r i g ina l  research reservoir.  Run Segment 1, a 100-h i n i t i a l  
check-out and f e a s i b i l i t y  demonstration t e s t  was conducted i n  September 1977. 
I n  Run Segment 2 - a 75-day accelerated drawdown tes t  conducted between 
January and Apr i l  1978 - prel iminary answers were obtained, on an accelerated 
t ime scale, t o  questions concerning what would have been long-term e f fec ts  i n  
a commercial-si ze reservoir.  
and very encouraging: 

(c i rca  8000 m ) f rac tu re  complex which connected the i n j e c t i o n  well, L+ 

Those pre l  iminary answers were both en1 igh ten i  ng 

. DRAWDOWN PREDICTABILITY - The somewhat s imp l i f ied  model o f  the 
downhole f rac tu re  system used i n  LASL's computations i s  mathematic- 
a l ly  adequate t o  represent drawdown. 
research system behaved l i k e  a s imply-fractu ed reservo i r  w i th  an 
e f f e c t i v e  heat t rans fer  area o f  about 8000 m as shown by the 
lower curve and data o f  Figure 7. 
pa r t i cu la r  t o  t h i s  system, the resu l ts  ind icate tha t  the modeling 
hethodology should be appl icable t o  both the  next (engineering) 
system a t  Fenton H i l l  and other sites. 

decl ined t o  less than 1-1/2% o f  the c i r c u l a t i o n  r a t e  (under 0.2R/s), 
once the i n i t i a l  pore f i e l d  saturat ion was achieved. This resul t ,  
although obtained s p e c i f i c a l l y  f o r  the Fenton H i l l  formation, i s  
t en ta t i ve l y  extrapolable t o  other s i t es  where matr ix  permeabil i ty 
i s  i n  the units-to-tens o f  microdarcies range and indicates tha t  
makeup water requirement w i l l  not be a major const ra in t  i n  such 
formations. 

. GEOFLUID CHEMISTRY - A near-equil ibr ium composition was achieved 
i n  the  c i r c u l a t i n g  water, which remained a t  less than 2000 ppm 
t o t a l  dissolved sol ids. Except f o r  a s l i g h t l y  high terminal 
f l u o r i d e  concentrat ion ( ' ~ 9  ppm), t h i s  i s  v i r t u a l l y  d r ink ing  
water and scarcely deserves t o  be ca l led  a "brine" compared t o  the 
hydrothermal brines. 
detected i n  the f low loop. Although these compositional data are 
h igh ly  Fenton H i l l  specif ic, they lend credence t o  the  q u a l i t a t i v e  
prognosis tha t  HDR geof lu id  chemistry should general ly be 
manageable. 

. OPERATIONAL CONSTRAINTS - A number o f  s top/s tar t  t rans ients  were 
imposed on the system, many o f  them inadvertent, because o f  b r i e f  
power outages on the loca l  u t i l i ty .  Although no major operational 
const ra in ts  were indicated, some minor f reez ing problems were 
encountered, which pointed t o  the need f o r  carefu l  a t ten t ion  t o  
surface system design a t  HDR s i tes  w i th  s imi l  a r  moderate-to-severe 
winter  c l imate and comparatively pure water geofluid. 

Speci f ica l ly ,  the o r ig ina l  

!! 
Whereas the numbers are 

2 

. MAKEUP WATER REQUIREMENTS - Water loss t o  permeation qu ick ly  

No evidence o f  corrosion or  sca l ing was 

LJ 
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ENVIRONMENTAL EFFECTS - Perhaps most encouraging, no detr imental 
environmental e f  fec ere observed. I n  pa r t i cu la r ,  under extremely 
careful  monitoring, 

and there was no detectable induced seismicity. 

A f te r  some minor modif icat ions t o  the surface plumbing t o  

r e  was absolutely no evidence o f  a f f e c t i n g  
' t h e  composition o f  l o c a l  aqui fers o r  other hydrologic 

f l o w  rates, Run Segment 3 was conducted during the period September t o  October 
1978. I n  t h i s  segment, comprising about 786 operating hours, three d i s t i n c t  
f l o w  experiments were conducted back-to-back. The f i r s t  o f  these was a ser ies 
o f  t rans ien t  f l  ow-dependent impedance measurements ; the second consisted o f  
i n t e r w e l l  bore acoust ic at tenuat ion surveys under shut- in condit ions; and the 
t h i r d  (and longest)  wa f low experiment under high back pressure. 
This run segment was t t u r e l y  because o f  the development o f  a 
major (%3.5R/s) leak behind the casing i n  the i n j e c t i o n  well. 
high-back-pressure operation i t  was observed t h a t  reservo i r  f low impedance 
decl ined s i g n i f i c a n t l y ,  froin over 200 kPa-s/g t o  about 55 kPa-s/R. 

I n  the  

The leak observed a t  the end o f  Run Segment 3 was due t o  f i n a l  
degradation o f  already degenerate cement i n  the annul 
casing o f  the i n j e c t i o n  we l l .  Recementing was ss 
access t o  t h e  v e r t i c a l  f r a c  r e  emanating from EE 
meters was shut o f f .  A ne nd much la rge r  f rac tu re  
a lso a reopening o f  an old, sealed f rac tu re )  f u r t h e r  do 
extended upward u n t i l  it too communicated w i th  the GT-2 
system o f  natura l  

extended heat-extract ion runs have been made. Run Segment 4 was conducted 
dur ing October and November o f  1979 f o r  a t o t a l  operating durat ion o f  551 
hours. The thermal drawd - indicated t h a t  
t he  e f f e c t i v e  heat t r a n s f  'not less than a f a c t o r  
o f  6. The second test ,  R end o f  February 1980, i s  
present ly i n  progress, an out 15 December 1980. 
<The enlargement o f  the reservo i r  i s  confirmed by gradual thermal 

e e f f e c t i v e  heat 

nts, as seen i n  F i  

ement of the research reservo i r  was effected, two Since the en1 

be o f  the order o f  

extracted from the Fenton H i l l  resea 
2.3 t o  5.0 MWt, as shown i n  Figure 8. - l i n e  e l e c t r i c  

gment 5. The generating 
kage using R-1 

d i s  connected 
r a c t i o n  o f  t he  

. 
construct ion o f  an e 
research system demo 
provided encouraging 
establishment o f  a reservo i r  o f  more near ly commercial s ize and (even more 
important) longevi ty  remains t o  be demonstrated i n  the engineering system. 

l i t y  of the concept and 
s o f  concern, the 
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A schematic comparison of the enlarged research system w i th  the 
engineering system i s  given i n  Figure 9. 
two near ly v e r t i c a l  wel ls  connected by a 50,000 m f r a c t u r e  system i n  200°C 
rock a t  about 3 km depth. The new engineering system w i l l  be both l a r g e r  and 
hotter,  cons is t ing o f  two deeper wel ls -- EE-2, the i n j e c t i o n  well, and EE-3, 
t h e  production we l l  -- t o  a depth o f  about 4.5 km w i t h  t h e i r  working sections 
i n c l i n e d  a t  35" t o  the ve r t i ca l .  These wel ls w i l l  be connected by a m u l t i p l e  
f r a c t u r e  sy tem i n  the 300°C rock w i th  a nominal e f f e c t i v e  area o f  
1.5 x l o 6  d .  This engineering system, when completed, w i l l  be capable o f  
producing 20-50 thermal megawatts with not more than 20% therhal  drawdown i n  
10 years, and could be su i tab le  f o r  possible commercial use when the 
DOE-sponsored demonstration o f  the reservo i r  i s  complete. 

As note$, the former now consists o f  

The i n j e c t i o n  w e l l ,  EE-2, i s  now complete t o  a depth o f  4450 m wi th a 
bottomhole temperature o f  320°C and the production well ,  EE-3, i s  being 
d r i l l e d .  Establishment o f  the f rac tu re  system i s  scheduled t o  begin i n  1981. 

( B )  PLANS FOR SITE 2 PROJECT 

A key program a c t i v i t y  i s  the se lect ion o f  a second experimental HDR , 

s i te .  (a) t h a t  the 
rese rvo i r  techniques u t i l i z e d  a t  Fenton H i l l  o r  modif icat ions thereof, are 
appl icable i n  a d i f f e r e n t  formation; and (b) an expanded data base f o r  
assessing the commercial f e a s i b i l i t y  o f  HDR energy. 
data continued through 1978, culminat ing i n  the nomination o f  a number o f  
candidate prospect areas throughout the US. 
promising prospect areas were selected f o r  d e t a i l e d  geophysical invest igat ion.  
Conduct o f  t h i s  f i e l d  work i s  now i n  progress. 
s u f f i c i e n t l y  p o s i t i v e  character izat ion t o  permit se lect ion o f  a s p e c i f i c  s i t e  
e a r l y  i n  1982. 

(C)  INSTRUMENTATION AND EQUIPMENT DEVELOPMENT 

experimental operations a t  Fenton H i l l  (and w i l l ,  subsequently, a t  S i t e  2) , i s  
d i rec ted  toward prov id ing the special ized instrumentation and downhole 
equipment needs o f  the HDR Program, which are commercially unavailable. 
Whenever possible, development i s  accompl ished through subcontracts with 
industry,  thereby e f f e c t i n g  imnediate technology t rans fe r  as well. I n  
addi t ion,  these developnents are coordinated w i t h  those o f  Sandia' s Geothermal 
Instrument Development and D r i l l i n g  Technology programs, as wel l  as the needs 
of USGS, t o  avoid dup l i ca t i on  o f  e f f o r t .  

t u r b o d r i l l ,  a high-temperature downhole d r i l l i n g  motor, sponsored j o i n t l y  by 
DOE/DGE and the DOE/Division o f  Foss i l  Energy Ext ract ion (DFEE). 
successful ly f i e l d  tested i n  the d r i l l i n g  o f  wel l  EE-2 and i s  now being used 
i n  the  d r i l l i n g  o f  EE-3 a t  Fenton H i l l .  LASL a l so  sponsored improvements i n  
open-hole packer and shock-sub temperature capabil i ty. 
u n i t s  are being t r i e d  i n  the same d r i l l i n g  program. 

instrument cable. 
specimens from several sources. 

Development o f  such a s i t e  i s  necessary t o  establ ish:  

Survey o f  the e x i s t i n g  

From t h i s  l i s t i n g ,  the most 

The ant ic ipated outcome i s  

Another major area o f  technology development, which d i r e c t l y  supports 

During 1978-79, Maurer Engin i n g  proceeded w i th  development o f  the 

It was 

These high-temperature 

Development work a1 so continues on a high-temperature mu1 t iconductor 
Testing i s  cu r ren t l y  i n  progress o f  1000-foot evaluat ion 
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TABLE I 

HIGH-TEMPERATURE INSTRUMENTS AND EQUIPMENT 
DEVELOPED TO DATE 

Major LASL-internal developments are l i s t e d  i n  Table I. With t h e  
except ion o f  t he  f i r s t  i tem l i s t e d ,  a l l  o f  these instruments have a 
temperature c a p a b i l i t y  o f  a t  l e a s t  275OC. Those r e c e n t l y  completed 
improved downhol e temperature- and vel ocity-measuring u n i t s  and a temperature 
hardened 3-independent-arm ca l  i p e r  t o o l  f o r  borehole gaging. Subcontracted 
work on fracture-mapping instruments includes: f e a s i b i l i t y  s tud ies  and 
p re l im ina ry  design f o r  a radar-based f a r - f i e l d  mapping t o o l  and i n  s i t u  stres's 
measurement device; f a b r i c a t i o n  o f  a prototype downhol e acoust ic  t ransce iver  
u n i t  u t i l i z i n g  a magnetos t r i c t i ve  d r i v e r ;  and a phased program t o  develop a - 
high-temperature downhol e video system which w i l l  produce rea l - t ime  monochrome 
images under v i s i b l e  and u l t r a v i o l e t  i l l u m i n a t i o n .  

I tem 
Temp./Pressure Probe (26OOC) 
We1 1 bore F1 u i  d Sampl e r  
3-Axis F l u i d  Sampler 
Mechanical Acoustic Source 
Mul t ide tonator  Acoustic Source 
F l u i d  Sample Downhole I n j e c t o r  
S e l f  Po ten t i a l  Probe 
Temp. /Conduct i v i  ty Probe (275 O C  ) 
3-Indep.-Arm Cal iper/Contour Probe 
Wellbore F l u i d  Ve loc i ty  Meter 
Radiot racer  In jec to r /Mon i to r  Tool 

Devel oper/Vendor( s )  
LASL/Bell & Howell 
LASL/Gl obe 
LASL /Mark Products 
LASL/Gl obe 
LASL/Reynol ds/Vacuum B a r r i e r  
LASL/Gl obe 
LASL 
LASL 
LASL/Dal e E l  ec t ron i cs  
Worthwel T-LASL 
Worthwell 

INSTITUTIONAL ISSUES ANALYSES 

There are a number o f  quasi technica l  and non-technical issues t h a t  w i l l  ' 
affect t h e  s u i t a b i l i t y  o f  HDR as an a l t e r n a t i v e  energy source. 
convenience, they are categor ized as I n s t i t u t i o n a l  Issues. They inc lude:  
(1) l e g a l  aspects o f  HDR development; (2) regu la to ry  issues; (3) 
environmental e f f e c t s  o f  i n t e n s i v e  development; ( 4 )  w a t e r  a v a i l a b i l i t y ;  and 
(5) p u b l i c  awareness. The program i s  examining the  extent  t o  which these 
issues may impact HDR development. 

For 

I n s t i t u t i o n a l  aspects o f  HDR development t y p i c a l l y  d i f f e r  from one loca  
t o  another and depend on sub jec t i ve  fac to rs  as wel l  as ob jec t i ve  
considerations. For instance, t h e  lega l  d e f i n i t i o n  o f  "geothermal resource'' 
var ies  w ide ly  among t h e  States. The variance i n  t h i s  case i s  due l a r g e l y  t o  
d i f f e rences  i n  the  pub1 i c '  s percept ion o f  geothermal resources r a t h e r  than a 
r e a l  phys ica l  d i f f e r e n c e  among resources. 

e 

S i m i l a r l y ,  r egu la to ry  c o n t r o l s  are subject  t o  d i f f e r i n g  degrees o f  
i n t e r p r e t a t i o n  and enforcement. 
va r ies  from one place t o  another, so w i l l  the  extent  to .which HDR development 
i s  accepted. 

As t h e  percept ion o f  HDR and i t s  technology 
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Activities i n v o l v i n g  inst ional issues includ environmental studies, 
legallregulatory studies, and publ  ic relations. Envi nmental studies, are 
directed a t  obtaining more definitive information about the effects o f  
commercial-scale HDR development. A1 t hough  much experience from hydro 
projects i s  directly applicable because the effects are similar t o  those 
expected from H D R ,  other environmental aspects of HDR are unique t o  i t s  
a p p l  ication. Careful and continuous environmental monitoring is being done i n  
conjunction with the program's demonstration projects.. This operational 
experience will c l a r i fy  the environmental issues and help t o  place them i 
perspective for  the regulatory authorities. A detailed Environmenta? 
Report and an Environmental Impact Assessm have been published for 
Fenton Hill Site. 

Studies of laws and regulations a t  b o t h  the Federal and State levels are 
identifying potential barriers t o  HDR development. Where possible, 
developmental routes t o  avoid or eliminate barriers will be suggested. A 
preliminary legal study was published in 1979 discussing the differences from 
state-to-state i n  the definition of the "resourcei' under which the ownership 
question would be adjudicated. 
generi s def i n i  t i  on. 

community, and regulatory agencies, i s  being kept informed o f  the. program's 
progress and findings. This information is being disseminated through 
discussions and presentations, press releases, a quarterly newsletter, 
educational materials, brochures ,* technical *reports, and annual conferences. 

COMMERCIAL FEASIBILITY ASSESSMENT 

. 

The study proposed a more consistent sui 

The interested publ ic, including the geothermal industry, financial 

Commercial feasibility can best be proven by demonstration combined w i t h  

grogram's goal. 
element. Economic analysis, which involves a synthesis of all critical 
factors affecting the cost of HDR systems, i s  conducted in this Program 
el emen t . 

Economical ly-oriented studies have been an ongoing activity in the 
Program since i t s  inception. 
with the University of New Mexico and ( a t  this stage of development) subject 
t o  a great many'assumptions, have shown t h a t  HDR-derived energy costs can be 
o f  the right order o f  magnitude t o  be competitive w i t h  other energy sources i n  
the post-1990 time frame. 

the modeling o f  reservoir establ ishment and management strategies. The 
overall study will examine drilling costs, conversion costs and so for th .  
Sensitivity analyses will  identify cost-sensitive factors and t h r o u g h  a 
feedback mechanism, technology improvements which reduce costs will be - 
pursued. The study will include institutional and other factors t h a t  
influence development costs. 
will be updated. 

technology compete with t h a t  from other energy production technologies in the 

propriate economic analyses; b o t h  are deemed essential t o  reaching the 
Demonstration is  implicit in the Technology Development 

Preliminary studies, done by LASL in concert 

A more comprehensive economic systems study i s  now underway, focusing on 

As more field da ta  become available, the study 

The ultimate question t o  be answered is: Can energy produced through HDR hi 
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p r i v a t e  marketplace? The answer w i l l  come from a f i n a l  commercial f e a s i b i l i t y  L; 
analysis t h a t  accounts not only f o r  technology costs and benef i ts,  but  f o r  t he  
a i t y  o f  resources, market needs, and regulatory requirements. 

SUMMARY 

he HDR Program i s  a mul t i faceted long-range program o f  nat ional  scope 
I t  i s  a combined aimed a t  estab l ish ing an energy-producing industry. 

development and demonstration program whose e l  ements include: 
t h e  :resource; ca ta l  og i  ng promi s ing s i tes;  devel op i  ng the rese rvo i r  technology, 
and required t o o l s  and instruments; a t tack ing the i n s t i t u t i o n a l  problems and 
assessing t h e  commercial f e a s i b i l i t y  o f  t he  concept i n  the  near future. 

character iz ing 
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hd I GEOTHERMAL DRILLING 

, 1. INTRODUCTION 

as *and ,pa r t ly  with I' b e t t e r  thermodynamic 

eris t ics from ermal areas .  For the  la t ter  

reason the  Tuscan geo the subjec t  of a deep 

r i l l i n g  program whic ing,  below the  r e se rvo i r  

se  l i t h o l o g i c a l  char- 
, d  

explo i ted  a t  pr 

a c t e r i s t i c s  are ence of hydrothermal 

c i r c u i t s .  
. >  

A seismic survey of the  Larderel lo  a rea  indicated a deep 

ries. between 3500 and 7000 m depth. A t  t he  
moment, however, "deep research and exploration" is used: i n  re ference  

and "reserve," t o  a depth o 

s can guarantee: - L -  

diameters capable 

igraphic  sequenc 

approximately;, 



from 0 - 500 m: 

from 500 - 1000 m: 

below 1000 m: 

I n  view of the  
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clrr 
cover formations, comprising Neogenic sediments 

and f lysch  f a c i e s  allochthonous complexes of a 

layey-carbona te compos it ion. 

complex forming the  so-called " f i r s t  

cons is t ing  of limestones and the  Mesozoic 

Anhydrit ic Ser ies .  

formations. 

These are h ighly  f rac tured  

Triassic-Paleozo sch i s tose -qua r t z i t i c  basement, 

of s c h i s t s ,  q u a r t z i t e s ,  micaschis t s ,  

amphibolites and gneisses .  These rock 

r a t h e r  f rac tured .  

ob jec t ives  of t he  program and the  geological  

s i t u a t i o n  i n  the  area, t h e  technica l  p r o f i l e  of these  deep wells is 

usua l ly  t h a t  shown i n  Fig. 1. That i s ,  the  cover formations are l ined  

with an 18"5/8 casing;  the  f i r s t  r e se rvo i r  i s  i s o l a t e d  with the  13"3/8 

cas ing  t o  1500 m; t he  f i r s t  p a r t  of the  sch i s tose -qua r t z i t i c  basement 

i s  l ined  with a 9"5/8 casing t o  3000 m. The las t  s t r e t c h  of the  bore 

remains uncased, with a diameter of 8"3/8. 

t i ons  a 7" l i n e r  can be in se r t ed  i n  the  last  sec to r  of the  bore and 

joined t o  the  9"5/8 casing with a hanger. 

Depending on well  condi- 

2. R I G  MACHINERY AND EQUIPMENT 

Special  machinery and equipment had to  be used f o r  these  wells. 

For the  d r i l l i n g  i n  the  Lardere l lo  area, the  f i r s t  r i g  was 

e l ec t r i c -d r iven  so as t o  take advantage of the  e l e c t r i c i t y  produced 

by La rde re l lo ' s  own power-plants. 

d r i l l  capaci ty  i s  5000 m,  c o n s i s t s  of the  following main elements 

(Fig. 2). 

The d r i l l i n g  r i g ,  whose nominal 

0 142 foot  can t i l eve r  mast with a Gross Nomina 

, 1.025.000 l b s  and s torage  capac i ty  of 5000 m f o r  5" diam. 

D.P.; the  t i l t - u p  sub-structure  i s  7.60 m high with a set-back 

capac i ty  of 227 tons and 363 ton casing capac i ty ;  
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Fig. 2a. V i e w  of e lectrical ly  driven dr i l l ing  r i g  used for 
deep geothermal w e l l s  i n  the Larderello area. 
i s  5000 rn. 

Capacity 
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Fig. 2b. Another view of dr i l l ing  r ig  as i n  F i  
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0 drawwork d r iven  by two coax ia l  d.c. e l e c t r i c  compound engines ,  

of  600 H.P. each a t  1100 revs/min;  

0 two t r i p l e x  7" x 9", 1000 H.P. mud pumps, wi th  maximum 

discharge  p res su re  of  5300 p s i .  One of  t h e  t r i p l e x  pumps i s  

d r iven  by two 600 H.P. d.c. e l e c t r i c  engines ,  1100 revs/min, 

and the  o t h e r  by two 600 H.P. compound d i e s e l  engines .  

Mechanical ope ra t ion  w a s  provided t o  guarantee  c o n t i n u i t y  of  

t h e  c i r c u l a t i o n  system dur ing  even tua l  breakdown i n  t h e  

e l e c t r i c i t y  supply ; 

0 e l e c t r i c a l  feeding  system comprising a three-phase,  t r i p l e -  

winding t rans tormer  of  about 2000 KVA, fed by a 16 KV l i n e .  

The main f a c i l i t i e s  (drawwork, r o t a r y  t a b l e  and e lec t r ic  pump) are 

fed  by t h e  secondary c i r c u i t ,  with an output  of 1850 KVA a t  570 V ,  

a f t e r  s t a t i c  conversion of  t h e  c u r r e n t  from a l t e r n a t e  t o  d i r e c t  

through a system of c o n t r o l l e d  diodes ( t h y r i s t o r s ) .  

The t e r t i a r y  c i r c u i t  of  150 KVA a t  380 V f eeds  t h e  o t h e r  minor 

, f a c i l i t i e s  and a u x i l i a r y  equipment. 

The d r i l l i n g  yard is  f i t t e d  with an a i r - d r i l l i n g  p l a n t ,  ready f o r  

i n  deep geothermal w e l l s .  I This  p l a n t  c o n s i s t s  of  fou r  p a r t s :  

1) compressed a i r  product ion from four  two-stage 10"1/4 x 7" x 6" 

compressors,  with an e f f e c t i v e  c a p a c i t y  of about 2 

each and maximum d e l i v e r y  p re s su re  of  18 kg/cm ; a 

i s  a l s o  provided f o r  r a i s i n g  t h e  p re s su re  t o  106 k 

2 

2) stand-pipe con ta in ing  t h e  in s t rumen ta t ion  f o r  measuring and 

r eco rd ing  t h e  f low-rate ,  p re s su re  and temperature  of  t h e  a i r ;  

3)  discharge  l i n e  with d u s t  s e p a r a t o r s ,  s i l e n c e r  and air-water 

s e p a r a t o r  ; 

4)  system f o r  dosiAg chemical a d d i t i v e s ,  i n j e c t i n g  foaming agents  

and co r ros ion  i n h i b i t o r s  . 
The well-head was s p e c i a l l y  designed f o r  geothermal d r i l l i n g  

(Fig.  3) and c o n s i s t s  o f  API 3000 va lves  and spool  capable  o f  opera t -  

i ng  a t  a working p res su re  of  up t o  192 kg/cm2 a t  232OC. 

t h e  k i l l - l i n e  are two 10" la te ra l  flow l i n e s  f o r  h igh  f l u i d  f low-rates  

Beyond 

c 
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a1 wells. 

Li 
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during production tests; these  are connected t o  the  separa tor ,  

measuring p lan t  and s i lencer .  

head, which can a l s o  take the  rotating-head when a i r - d r i l l i n g .  

The preventers  are f i t t e d  on the w e l l -  

Other d r i l l i n g  equipment, d i f f i c u l t  t o  ob ta in  on the  market o r  

d i f f i c u l t  to  adapt t o  the  geothermal f i e l d ,  has been e spec ia l ly  

designed and constructed.  Further  information on t h i s  subjec t  can be 

obtained from Ref. 1. 

3. DRILLING PRACTICE 

Deep geothermal d r i l l i n g  usua l ly  proceeds s w i f t l y  and rou t ine ly  

down t o  3000 m. Beyond t h i s  po in t  c e r t a i n  problems may arise, e i t h e r  

due t o  the  type of t e r r a i n s  crossed,  which may be hard ,  unhomogeneous 

o r  of complex a t t i t u d e ,  o r  t o  the  high temperature condi t ions.  

major d i f f i c u l t i e s  s t e m  from the  f a c t  t h a t  d r i l l i n g  near ly  always has 

t o  proceed without r e t u r n  c i r c u l a t i o n ,  a consequence of the  la rge  

number of unproductive f rac tured  horizons t h a t  a r e  p r a c t i c a l l y  

impossible t o  seal. 

The 

The 13"3/8 casing,  lowered a t  1500 m,  i s o l a t e s  the  f rac tured  zones 

of the  anhydr i t ic  series and of the  top of the  sch i s tose -qua r t z i t i c  

basement. However, f r ac tu ra t ion  q u i t e  f requent ly  continues down i n t o  

the  underlying zone (Fig. 4) so t h a t  d r i l l i n g  is conducted i n  very 

adverse condi t ions.  The main problems a r e  met in:  

0 d r i f t  cont ro l  

0 f i sh ing  operat ions 

0 cementation of the  deep casings 

0 cont ro l  of the  c i r c u l a t i o n  f l u i d .  

3.1 D r i f t  Control i n  Deep Wells 

One of the  major opera t ing  problems while d r i l l i n g  these wel ls  is 

con t ro l l i ng  t h e i r  d r i f t ,  as they a r e  extremely prone t o  devia t ion  and 

the  formation of t e r r i b l e  dog-legs. 

The geological  formations are responsible  f o r  t h i s  phenomenon. 

The t e r r a i n s  of the  sch is tose-quar tz i t ic  basement vary i n  l i t h o t y p e  

from s c h i s t s  t o  q u a r t z i t e s  and gneiss .  These rocks have undergone 
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severa l  d i f f e r e n t  tec tonic  events t h a t  have created f r a c t u r e s ,  f i l l e d  

t o  varying degrees with secondary minerals ,  and f a u l t s .  The 

s t r a t i f i c a t i o n  planes a r e  consequently t i l t e d  by a few t o  a few tens  

of degrees. 

have a uniax ia l  compressive s t rength  of 800 kg/cm . 
A sample of these rocks taken from a core w a s  shown t o  

2 

Under these condi t ions even a small load on the  rock b i t  i n  

attempting t o  d r i l l  a t  a reasonable r a t e  of 1-2 m/h has a negative 

e f f e c t  on bore v e r t i c a l i t y .  

Only a very r i g i d  s t a b i l i z a t i o n  of the  dr i l l - s tem can reduce the  

r i s k  of d r i f t  and doglegs. 

An extremely r i g i d  dr i l l - s tem,  on the  o ther  hand, could endanger 

the w e l l  i t s e l f  should some p a r t  of the  stem break down, e spec ia l ly  

when water i s  the  c i r c u l a t i o n  f l u i d .  I n  these circumstances the  water 

i s  such a poor c a r r i e r  t h a t  the  debr i s  i n  the  bore takes  no time t o  

f a l l  t o  the  bottom and block the  f i s h .  A t  t h a t  point  some long, 

laborious f i sh ing  operat ions a r e  requi red ,  a s  the  s t a b i l i z e r s  

complicate the  work on cleaning the  f i s h .  

D r i f t  cont ro l  i s  a l s o  made d i f f i c u l t  by a lack of instrumentat ion 

f o r  measuring t i l t  and d i r e c t i o n  i n  very extreme temperatures. 

3.2 Fishing Operations 

These operat ions a r e  considerably hindered by the  high temper- 

a t u r e s  i n  the  wel ls  t h a t  exclude the  use of c l a s s i c a l  techniques; t he  

l a t t e r  would, i n  f a c t ,  solve such problems i n  a r e l a t i v e l y  f a s t  and 

economic manner. 

Cer ta in  well condi t ions requi re  the  use of explosives and 

hydraul ic  equipment, o r  p a r t s  t h a t  a r e  not r e s i s t a n t  t o  high temper- 

a t u r e s  (back-off, hydraul ic  j a r s ,  bumper subs,  tu rb ines ,  impression 

block, e t c . ) .  In  these circumstances one must f a l l  back on more 

s impl i f ied  and l e s s  e f f i c i e n t  mechanical devices o r ,  f o r  example, 

undertake time-consuming, hazardous unscrewing of the  pipes wi th in  the  

bore,  using a left-hand d r i l l - s t r i n g .  

When, as sometimes happens, it is no longer economically worth- 

while recovering a f i s h ,  the  s ide- t rack technique i s  used t o  unblock 
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the  wel l .  However, the  high temperature condi t ions may preclude the 

t r a d i t i o n a l  system f o r  t h i s  technique, which cons i s t s  of a support 

cement plug and turb ine  with bent sub 

of opera t ion ,  used a t  a depth of 4028 m and with an in-hole temper- 

a t u r e  of about 380 C ,  was t o  design and construc 

permanent whipstock (Fig. 51 ,  diameter 7"3/ This was lowered i n t o  

a 8"3/8 diam. open-hole, f i t t e d  with a stal  of seven 7" cas ings ,  so 

as t o  j o i n  the  equipment t o  the  underlying 3"1/2 pipes of the  f i s h .  

The whipstock was ocked by pumping b a r i t e  bentoni t ic  mud of 

1800 g r / l  densi ty .  Af te r  the mud had s e t ,  with the  he lp  of the  high 

temperatures,  the  d e v i a t i  s successfu l ly  brought t o  completion. 

type a r e  f requent ly  resor ted  t o  when 

unable t o  provide the  necessary equipment 

r a l t e r n a t i v e  i n  t h i s  type 

0 

and mater ia l  f o r  geothermal d r i l l i n g .  

3.3 Cementation of Deep Casings 

of the  casings i n  deep geothermal wells i s  one of the  

m d r i l l i n g  operat ions.  In tense  rock f r a c t u r a t i o n  

C se r ious  problems i n  f i l l i n g  the  annulus, added t o  h a r e  the  

temperatures t h a t  a f f e c t  he behaviour of the  s lu r ry .  

Various methods have been developed f o r  a t t a i n i n g  the  good 

cementation required n deep wel ls  only p a r t l y  f i l l e d  with water a s  a 

m the  bottom up t o  the  

low dens i ty  f r  

space from the  f r a c t  

opening mul t i s tage  c 

with an ex te rna l  casing packer. 

t h i s  operat ion can be repeated,  perhaps even shooting i n t o  the  casing 

t o  c r e a t e  i n j e c t i o n  holes for the  s l u r r y ;  the  top of the  previous 

cementation is  individuated beforehand by means of a log. 

Where the re  i s  more than one f r a c t u r e  

The s l u r r y  
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Fig. 5 .  Whipstock made in  Larderello f o r  s ide  track 
operation in a deep geothermal wel l .  
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used f o r  these  operat ions must be s p e c i a l l y  prepared each t i m e ,  adding 

s i l i c a  f l o u r ,  r e t a r d e r  ightening mater ia l s  

a s  necessary. 

I n  place of the  ex terna l  s ing  packer one could i n j e c t  an 

extremely clogging mixture through the  f u l l  opening mul t i s tage  cement 

(sodium s i l i c a t e  i n  br ine  environment); t h i s  mixture w i l l  temporarily 

plug the  f r a c t u r e  and keep the s l u r r y  within the overlying annulus. 

I n  o the r  s i t u a t i o n s  the  second ste 11 cons i s t  of i n j e c t i n g  down 

' i n t o  the  empty annulus, i n  var ious s t a  i f  necessary.  The s l u r r y  

i n  t h i s  case is  preceded by a given th ixot ropic  volume spacer which, 

due t o  the  load lo s s  from pumping t h i s  mixture, slows the  s l u r r y  down 

and c r e a t e s  a more uniform d i s t r i b u t i o n .  

3.4 Control of the  Ci rcu la t ion  Fluids  

As an a l te rna- t ive  of d r i l l i n g  with water and no r e tu rn  c i r c u l a t i o n  

i n  the  sch i s tose -qua r t z i t i c  formations of the  basement we have some- 

times conducted tests with a i r  as c i r c u l a t i o n  f l u i d .  The advantage 

i n  t h i s  case is the  avoidance of the  problem of f ind ing  the  immense 

q u a n t i t i e s  of water (up t o  100 m /h)  needed during d r i l l i n g  without 

r e t u r n  c i r c u l a t i o n .  

3 

However, the  w e l l  must be very d r  o r  d r i l l i n g  with a i r  only. 

r c u l a t i o n  system could be as ibu t ion  of dry 
steam. The steam flow-rate must, events ,  be r a t h e r  small, or 

roblems w i l l  arise dur 

We have very r a r e l y  

d r i l l i n g  i n  the  deep geothermal w e 1  
t i ons  cause a reduct ion i n  the  r is i  o c i t y  of t he  a i r ,  thus 

e system's flow capaci ty .  

water o r  w e t  steam may c 

occasions'  a very small  

I n  such cases  the  deb r i s  produced by the  b i t  i s  not removed f a s t  

enough and accumulates a t  well-bottom i n  a s lushy phase, preventing 

the  b i t  from c u t t i n g  i n t o  the  v i r g i n  rock. The foam agents  used i n  

such high temperature environments are not always ab le  t o  solve t h i s  

problem. 
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When a t o t a l  l o s s  of c i r c u l a t i o n  occurs i n  rou t ine  d r i l l i n g  with 

mud o r  water a c e r t a i n  hydros ta t ic  l eve l  s t a b i l i z e s  i n  the  w e l l .  This  

mus t  be removed before a i r - d r i l l i n g  is  begun. 

being removed, however, there  is  sometimes a s t rong  and continuous 

flow of water from the  surrounding formations, so t h a t  the  operat ion 

cannot be completed immediately. D r i l l i n g  must then continue with 

the  air-water c i r c u l a t i o n  system, regulated t o  varying r a t i o s .  

When t h i s  water i s  

The well  condi t ions ,  however, a r e  not always su i t ed  t o  d r i l l i n g  

with l ightened f l u i d ,  e spec ia l ly  as  regards  depth,  diameter,  e l eva t ion  

of the hydros t a t i c  l eve l  and the  f r a c t u r a t i o n  system. I n  order  t o  use 

t h i s  f l u i d ,  i t s  dens i ty  must be reduced u n t i l  t he  l eve l  reaches the  

surface.  So much a i r  must be in j ec t ed  t o  a t t a i n  t h i s  t h a t ,  ins tead  

of having one l i g h t e r  f l u i d  only,  we produce two dynamically unstable  

phases (water and a i r )  t ha t  may lead t o  a lo s s  of the  a i r  phase along 

the  f r ac tu ra t ions  and even t o  uncontrolled blow-outs. For example, 

we conducted a t e s t  a t  about 3200 m i n  an 8"3/8 w e l l  with a hydro- 

s t a t i c  l eve l  a t  about 2300 m and flow of water. Despite the  j e t  subs 

placed i n  c r i t i c a l  po in ts  along the  dr i l l - s tem,  the  c i r c u l a t i o n  f l u i d  

was not homogeneous enough t o  make d r i l l i n g  a success.  

Where mud d r i l l i n g  i s  poss ib le  o r  advisable  the  f l u i d s  used must 

have a rheological  s t a b i l i t y  and f i l t r a t i o n  c h a r a c t e r i s t i c s  t h a t  

guarantee optimum operat ing condi t ions i n  high temperature environ- 

ments. 

The muds t h a t  have proved successful  i n  prolonged working condi- 

t i ons  of up t o  2OO0C have a ben ton i t i c  base dosed with a syn the t i c  

r e s i n  and chromolignite. The r e s i s t ance  can be improved, e s p e c i a l l y  

f o r  higher  temperatures, by adding products such a s  a synergesic  blend 

of se lec ted  polymers. 

Good r e s u l t s  up t o  25OoC were obtained with ben ton i t i c  and 

asbestos-based mud, ac t iva t ed  with chromolignite and po lyc ry la t e s ,  

with o r  without the  polymeric products,  and with syn the t i c  r e s i n  and 

c a u s t i c  soda. 
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A similar success  was a l s o  a t t a i n e d  with t h e  s e p i o l i t e  and 
'3 

bentonite-based muds, using a small amount of  t he  ben ton i t e  and t h e  

same a d d i t i v e s  mentioned above, although they do tend t o  develop 

r a t h e r  s t r o n g  g e l s  i n  s t a t i c ,  h igh  temperature condi t ions .  

F i n a l l y ,  o i l  o r  a c o l l o i d a l  suspension of s ized  a s p h a l t i c  s o l i d s  

i n  water or i n  d i e s e l - o i l  can f u r t h e r  improve s t a b i l i t y ,  even i n  

h ighe r  temperatures  than those descr ibed above. 

The e f f i c i e n c y  of t he  above mud systems can,  of  course ,  be  

improved by a t t end ing  t o  a few p r a c t i c a l  matters, such as r ep lac ing  

any water l o s t  by evapora t ion ,  cool ing  the  f l u i d  i n  s p e c i a l  towers,  

s t i r r i n g  t h e  f l u i d s  con t inua l ly  i n  tanks f i t t e d  with e lectr ic  

a g i t a t o r s  and guns. 

4. CONCLUSIONS 

The deep exp lo ra t ion  program f o r  t h e  La rde re l lo  area i s  now i n  i t s  

f i r s t  S t age  of development. The a c t i v i t y  c a r r i e d  out so f a r  has  

with new pro s i n  terms of ope ra t ing  methods and 

equipment . 
It became immedia te ly ,c lear  t h a t  t h e  f i r s t  p r i o r i t y  was t o  dev i se  

an adequate  technology f o r  deep d r i l l i n g ,  with the r e s u l t  t h a t  t h i s  

i s  now one of  t he  ob jec t ives  of the  deep d r i l l i n g  program i t s e l f .  

s o l u t i o n  t o  t h e  problems ou t l ined  above l i e s  i n  the  cons t ruc t ion  of 

equipment and instruments  designed s p e c i f i c a l l y  f o r  t h e  geothermal 

f i e l d .  

The 

P a r t i c u l a r  a t t e n t i o n  i s  paid i n  t h i s  r e spec t  t o  p e r f e c t i n g  t h e  

methods and materials f o r  c o n t r o l l i n g  d r i f t ,  f o r  a more ex tens ive  use  

of  a i r  as a c i r c u l a t i o n  f l u i d  and f o r  a l l e v i a t i n g  any eventual  f i s h i n g  

opera t ions .  

The cas ings  and d r i l l - p i p e s  of t h e  geothermal wells are subjected 

t o  extreme mechanical stress and cor ros ion .  The s t u d i e s  and research  

being undertaken i n  t h i s  s e c t o r  should c o n t r i b u t e  g r e a t l y  t o  the  

success  of the  deep exp lo ra t ion .  

U 
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It is  c l e a r  from what we have j u s t  sa id  t h a t  the  work times and 

cos t s  involved i n  t h i s  f i r s t  phase cannot be held representa t ive .  

However, there  i s  no doubt t h a t  t h i s  type of research is  a heavy 

f i n a n c i a l  commitment. A t  the  moment the  u n i t  c o s t  r a t i o  between 

t r a d i t i o n a l  geothermal wel ls  and the  deep bores i n  the  Lardere l lo  area 

i s  1:1.4. 

Nevertheless,  the  ob jec t ive  remains t h a t  of optimizing the 

pects$ of d r i l l i n g  and minimizing as ch as pass ib l e  the  

d i f f e rence  between these two fac tors .  
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MATERIALS EMPLOYED I N  DEEP GEOTHERMAL DRILLING I N  ITALY 
I I  

P. Del Gaudio 

i 

1. DEEP GEOTHERMAL DRILLING I N  ITALY 

ENEL i s  now carrying:out  systematic study i n  the  Lardere l lo  

a rea ,  d i r ec t ed  a t  a sce r t a in ing  whether geothermal f l u i d s  can be 

recovered from the  l aye r s  :underlying the  ' r e se rvo i r '  exploi ted a t  

present .  

The research program also includes the  d r i l l i n g  of deep w e l l s  

Some of ranging from a minimum of 3000 m t o  a maximum of 5000 m. 

these wells have already been' completed. 

these  wells is genera l ly  t h a t  shown i n  Fig. 1. 

The technica l  p r o f i l e  of 
I 

D r i l l i n g  is a complicated operat ion (Fig. 2)  because: 

0 t he  layers  forming the present  r e se rvo i r ,  which l i e s  between 

1000 and 3000 m, a r e  not easy t o  i s o l a t e ;  

0 the  zones below 3000 m a re , cha rac t e r i zed  by very high temper- 

deep geothermal d r i l l i n g  i n  I t a l y  and on 

a t u r e s  and chemical aggressiveness.  

Further  information 

t h e  problems involved c be fdund i n  Cigni (1980). 
? i  

Considering the  operative,problems encountered so f a r ,  the  
1 

per fec t ing  of an idea l  'deep geothermal d r i l l i n g  technology' could,  
i n  i t s e l f ,  be said t o  represent  one of the objec t ives  of deep 

explora t ion  a t  Larderel lo .  ' 

The technological  research no 

procure d r i l l i n g  equipment su i i ed  

pecu l i a r  t o  deep geothermal w e l l s  

o i l  research  cannot always be 'used  d i r e c t l y ,  a study must sometimes 

be made of the  modifications required and adequate opera t ive  

methodologies developed f o r  using is equipment. Cer ta in  opera t ions  

ca r r i ed  out  i n  deep geothermal wells, on the  o the r  hand, r equ i r e  

spec ia l ly  designed equipment. 

- ,  

o n s i s t s  of a market survey t o  

r use i n  the  opera t ive  condi t ions 

As the  standard equipment used i n  

o u t l i n e  the-main equipment and methodologies now 

used i n  d r i l l i n g  deep thermal wells. At ten t ion  i s  paid i n  
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p a r t i c u l a r  t o  the  problems a r i s i n g  during the  d r i l l i n g  operat ions,  a 

- so lu t ion  t o  which is now one of Our s tudy object ives .  

2. TUBULAR MATERIALS 

2.1 D r i l l  P ipes  . .  I 

Operative condi t ions i n  deep geothermal wel ls  have proved t o  cause 

g rea t e r  stress t o  the  d r i l l -p ipes  than i n  the  wel ls  explor ing the  

shallow reservoi r .  This stress i s  t i e d  t o  both mechanical and 

chemical f ac to r s .  

The increased mechanical stress can be a t t r i  

-. the  g rea t e r  depths and, consequently, long 

0 the  d i f f i c u l t y  i n  con t ro l l i ng  the  d i r e c t i o n  of deep wells, 

which leads t o  a frequency of dog-legs (Cigni,  1980) ;  

0 increased length of the  upper sec t ion  of  the  bore,  diameter 16" 
This i n t e r v a l  i s ,  i n  f a c t ,  so wide tha t  the  b i t  cont inua l ly  jumps 

with in  the  pipe o r  i s  suddenly blocked, causing se r ious  to r s iona l  

s tress. 

The chemical s t r e s s ,  on the  o ther  hand, i s  mainly the  r e s u l t  of 

having t o  use the  condensate from the  power p l a n t s  as a d r i l l i n g  

f l u i d  because of the  chronic water shortage i n  the  Lardere l lo  area. 

The G 105 grade d r i l l -p ipes  have proved idea l  f o r  r e s i s t a n c e  t o  

the  above-mentioned mechanical s t r e s s  a t  least i n  t he  deep wells 

d r i l l e d  so f a r .  These same pipes have, however, undergone frequent  

anomalous breakages t h a t  a r e  blamed on chemical stress as described 

above. 

These breakages occur i n  the  too l - jo in t s ,  with no s igns  of damage 

t o  t h e  body of the  pipes  (Fig. 3). The t o o l  j o i n t s  we used are con- 

s t ruc t ed  i n  the  following materials: 38 NC D4, AIS1 4137. Breakage 

seemed t o  occur more o f t e n  i n  the  bottom pipe- l ines ,  s t a r t i n g  on the  

in s ide  sur face  of the  too l - jo in t .  

These phenomena were so ser ious  it was decided to  run a series of 

tests s imulat ing w e l l  condi t ions t o  def ine  the  phenomenology of the  

a t t a c k  and a t tempt  a so lu t ion  t o  the  problem. The preliminary r e s u l t s  

confirm t h a t  the  chemical a t t a c k  is  f u r t h e r  aggravated by the  e x i s t i n g  

I 
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temperatures. An attempt is  now being made t o  solve the  problem ai. 
e i t h e r  by using o ther  mater ia l s  f o r  the  pipes  o r  by dosing the 

d r i l l i n g  f l u i d .  

2.2 Casing 

The c r i t e r i a  followed i n  designing the  deep geothermal w e l l s  a t  

Lardere l lo  were t h a t  the  diameters used t o  explore  the  deep r e se rvo i r  

should be wide enough t o  a t t a i n  s a t i s f a c t o r y  product iv i ty  values  

desp i t e  the g rea t e r  depth of borehold required.  

The var ious casings were lowered not only t o  s t rengthen the  bore 

wal ls  but a l so  t o  i s o l a t e  the  formations of the  shallow reservoi r .  

Cementation of the  column was therefore  an arduous operat ion and not 

always an absolute  success ( d e t a i l s  w i l l  be given l a t e r ) .  

This outcome had been foreseen when drawing up the  d r i l l i n g  

program, and it was f e l t  t h a t  the  bes t  r e s u l t s  would only be achieved 

by adopting idea l  c r i t e r i a  f o r  the  design of the  casing. A t  the  same 

time we were aware t h a t  the  higher  temperatures of the  deep w e l l s  and 

t h e i r  r e l a t i v e l y  longer d r i l l i n g  times would c r e a t e  q u i t e  s e r ious  

thermal stress t o  the  casing.  

Consequently, g rea t  care  was taken i n  designing the  casing t o  

avoid breakages t h a t  would compromise completion of the  w e l l .  

The r e s u l t s  of the  f i r s t  d r i l l i n g s  appear t o  v a l i d a t e  the  c r i t e r i a  

chosen. 

b u t t r e s s  j o i n t s .  The thickness and grade of the  s t e e l  were chosen 

a f t e r  de t a i l ed  ana lys i s  of the  thermal s t r e s s  and of the  r e s i s t a n c e  

of the  mater ia l s .  

These c r i t e r i a  include the  use of API d r i l l - p i p e s  with 

Casing design was based on the  resul ts  of lab  tests t o  determine 

the  t e n s i l e  s t r eng th  of 555, C75, N80 and P l l O  steels,  c i t e d  i n  the  

American Petroleum I n s t i t u t e  s tandards,  a t  temperatures of 200 C ,  

25OoC, 3OO0C and 35OoC. 

0 

These r e s u l t s  (Fig. 4 shows those for the  N80 s t e e l )  were used to  

introduce a ' reduct ion f a c t o r  of the  t e n s i l e  p rope r t i e s '  i n  the  

pro jec t  design of the  casing. This f a c t o r  was used empir ica l ly  t o  

eva lua te ,  as a funct ion of the  maximum foreseeable  temperature, the  
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ccii+' 
col laps ing  and crushing s t rength  of the  casing,  beginning with the  API 

da t a  f o r  environmental temperatures. 

An impeded thermal expansion causes anomalous compressive stress 

t o  the  geothermal casings.  

The r e s i s t a n c e  c h a r a c t e r i s t i c s  of the  b u t t r e s s  j o i n t s  when under- 

going these stresses are not given i n  the  API s tandards.  

therefore  the  subject  of a s p e c i f i c  study ca r r i ed  out  by ENEL (Fig. 5 )  

on b u t t r e s s  j o i n t s  of diameters 13 3/8", 9 5/8" and 7". 

They were 

The r e s u l t s  were used i n  the  design phase. The design c r i t e r i a ,  

as mentioned before ,  seem s a t i s f a c t o r y  and, together  with a c a r e f u l  

cont ro l  of the  q u a l i t y  of t he  mater ia l s  and of the  j o i n t  - make up, 

have prevented any damage t o  the  casings used so f a r  i n  the  deep 

geothermal wells.  

3. CEMENTATION OF THE CASINGS IN DEEP GEOTHERIdAL WELLS 

The success of d r i l l i n g  operat ions i n  deep geothermal w e l l s  

depends on the  lowering and cementation of the  13 3/8" and 9 5/8" 

casings.  These casings are, i n  f a c t ,  used t o  i s o l a t e  the  layers  of  

t he  shallow re se rvo i r  and are usua l ly  cemented with no r e t u r n  

c i r cu la t ion .  

Cementation is  consequently a laborious task  ca r r i ed  out  i n  

severa l  phases, using the  inner  s t r i n g  cementing method, o r  F.O. 

mul t ip le  s t age  cementer, o r  pumping s l u r r y  down i n t o  the  upper 

annulus. The problems a r i s i n g  during t h i s  opera t ion  and the  reasons 

t h a t  led t o  the  choice of methodology a r e  described i n  Cigni (1980). 

A descr ip t ion  w i l l  now be given of the  composition of theovarious 

s l u r r i e s  (Cigni 1975). 

3.1 S l u r r i e s  Used f o r  Primary Cementation by the  Inner S t r i n g  

Cementing Method 

These s l u r r i e s  are used to  cement the  f i n a l  s ec t ion  of the  casing,  

using the  d r i l l -p ipes  and a s tab- in  f l o a t  c o l l a r .  

The s l u r r y  cons i s t s  of a c l a s s  G cement with 35% s i l i c a  f lour .  

Density i s  about 1.850 kg/ l .  One percent of f i l t r a t e  reducer i s  
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added t o  achieve a low f i l t r a t i o n .  A s  water sometimes has t o  be used 

as a d r i l l i n g  f l u i d ,  the  reducer is added t o  prevent dehydration of 

t he  s l u r r y  because of the  lack of an adequate mud cake. 

The casings a r e  a t  such g rea t  depths (3000-4000 m),  and the  

temperatures so high,  t h a t  the  pumping times have t o  be guaranteed by 

a r e t a r d e r ,  which is added i n  the r a t i o  of 0.5% i n  weight of t he  

cement. 

The composition of t he  s l u r r y  is  s tudied i n  the  laboratory by 

means of simulation t e s t s ,  not scheduled i n  API standards,  reproducing 

the  s e t t i n g  conditions of the  s l u r r y  i n  the  bore. 

both the  s e t t i n g  pressure and the  increase  i n  temperature with t i m e .  

On the  s i te  the  s l u r r y  is prepared i n  tanks beforehand t o  ensure 

This appl ies  t o  

the  mixture is  homogeneous. A cool ing c i r c u l a t i o n  a t  well-bottom 

during s e t t i n g  of the  s l u r r y  prevents excessive r e t rog rada t ion  of  the  

mechanical proper t ies  which occur when s l u r r y  sets i n  high temperature 

environment (Fig. 6 ) .  

3.2 S l u r r i e s  Used i n  Secondary Cementation 

These s l u r r i e s  a r e  used t o  cement the  upper p a r t  of the  cas ing ,  

c i r c u l a t i n g  them through an F.O. mul t ip le  s t age  cementer i n se r t ed  i n  

the  d r i l l - p i p e  (Fabbri  and R i c c i a r d u l l i ,  1979). 
35% s i l i c a  f lou r  i s  genera l ly  used i n  t h i s  case.  

A c l a s s  G cement with 

Where circumstances so r equ i r e  the  dens i ty  can be reduced t o  about 

1.650 kg / l  by adding diatomite.  

marked re t rograda t ion ,  as well  as  sedimentation and cont rac t ion .  The 

s e t t i n g  times a r e  a l s o  much longer,  so t h a t  chemical extenders ,  such 

as  the  D79 by Dowell, a r e  genera l ly  prefer red  t o  the  diatomite .  

Slurry prepared i n  t h i s  way does not c r ea t e  the  problems mentioned 

above and resul ts  a r e  equal ly  s a t i s f a c t o r y .  

However, the  la t ter  can lead t o  

3.3 S l u r r i e s  Used i n  Cementation with Pumping from Above 

These s l u r r i e s  a r e  used t o  f i l l  the  annulus by i n j e c t i n g  the  

cement from ground-level. Before pumping the  cement a spec ia l  viscous 

so lu t ion  is  in jec ted ,  e i t h e r  SPACER 1000 o r  equivalent .  This product 
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COMPRESSIVE STRENGTH OF A SLURRY CURING AT 
1 SIMULATEI) WELL CONDITION 

Cement type: GEOTERM 
I 1 Slurry densiry: 1.845 kg/liter 

t I 

N a 
\ 

4 

1 - 1) Curing.at temp of 25OC and atmospheric 
pressure (3 days) and then a t  150OC and 
100 kg/m2. _ _  2) Curing at  temp of 15OoC and 100 atmospheres 

-.-.3) Curing a t  temp of 2OO0C and 200 atmospheres 

rature increasing rate (lO/min). 

temperature increasing rate (I0/min). 
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1 provides a slower and more uniform d i s t r i b u t i o n  of the  cement i n t o  the  

annulus. 

flow-rates and a cont inual  flow. 

Several cement u n i t s  are used a t  one time t o  ensure high 

3.4 Cementation Equipment 

The success of cementation depends on whether the  cementing shoes 

and f l o a t  c o l l a r s  are ab le  t o  opera te  s a t i s f a c t o r i l y  i n  the  high 

temperature environments. 

These instruments a re-chosen  on the  bas i s  of the  mater ia l s  used 

i n  t h e i r  construct ion;  the  s t r eng th  and r e s i l i e n c e  p rope r t i e s ,  along 

with the  thermal expansion c o e f f i c i e n t s ,  should be compatible i n  high 

temperatures and ab le  to  opera te  e f f i c i e n t l y  together  i n  the  maximum 

temperatures of well-bottom. 

I n  the  very deep wells we preferred t o  use the  cementing shoes 

with f l o a t  va lves ,  which have a metal-metal  contac t  s e a l  and cas t - i ron  

back-up valve.  However, these shoes present  more mi l l ing  problems 

than the  o the r  types. 

r e s u l t s  even a t  3000 m and with temperatures of more than 2OO0C. 

The s tab- in  f l o a t  c o l l a r s  gave exce l l en t  

4 .  BITS - 
The geological condi t ions are so var ied ,  even i n  adjacent  w e l l s ,  

t h a t  it was usual ly  impossible t o  program the  type of b i t  most 

s u i t a b l e  i n  each case.  

The da ta  obtained on s i t e  so f a r  are g r e a t l y  influenced by the  

working condi t ions of the  b i t s  (with o r  without r e t u r n  c i r c u l a t i o n ,  

d r i l l i n g  capaci ty  of the  formations, temperatures).  It i s  thus 

d i f f i c u l t  t o  e s t a b l i s h  f ixed  c r i t e r i a  f o r  the  choice of b i t s .  Some 

encouraging r e s u l t s  were obtained from the  use of diamond b i t s  i n  

i n t e r v a l s  with high temperatures and no r e t u r n  c i r c u l a t i o n .  

5. LOGGING INSTRUMENTS 

One of the  problems i n  deep geothermal d r i l l i n g  (Cigni,  1980) i s  

t h a t  of ob ta in ing  ready-made equipment f o r  d i r e c t i o n a l  d r i l l i n g  i n  

high temperature conditions.  Sui table  turb ines  and instruments f o r  
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continuous monitoring of d i r e c t i o n  and i n c l i n a t i o n  a r e  p a r t i c u l a r l y  

d i f f i c u l t  t o  f ind  i n  pec ia l ized  market 

U 

ENEL has now decided to  solve the  problem by designing and con- 

s t r u c t i n g  its own inst rumentat ion f o r  measuring i n c l i n a t i o n  and 

d i r e c t i o n  i n  the  presence of temperatures of 25OoC and pressures  of 

500 bar. 

s t r u c t i n g  similar instrumentat ion f o r  measuring temperature and bore 

These s tud ie s  w i l l  be based on pas t  experience i n  con- 

diameter. 
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GEOTHERMAL DRILLING PRACTICES OF "THE GEYSERS" 

Louis E. Capuano, Jr. 

Introduction 

Geothermal energy has quickly become recognized both domestically and 
internationallly as a supplement to fossil fuels and nuclear power 
for the purpose of electric power generation. There are four basic 
types of geothermal development in the United States today and they 
are: dry steam, liquid dominated or hot water, dry hot rock and geo- 
pressured fluids. This paper will concern itself specifically with 
the drilling and completion of dry steam wells. 

Only a few geothermal systems, including the important Larderello 
Field of Italy (which has produced since 1913) and The Geysers of 
California, contain dry or superheated steam produced with no asso- 
ciated liquids. The largest dry steam production in the world is 
located in The Geysers area of Northern California, some 80 miles 
north of San Francisco. Drilling for geothermal energy began in The 
Geysers in the early 1920's with the first turbine (12,500 kilowatts) 
installed in 1960. Pacific Gas and Electric started commercial elec- 
trical generation with geothermal energy by purchasing steam from 
producers and generating it with their own condensing turbines. 
Presently Pacific Gas and Electric is generating approximately 900 
megawatts from steam supplied by Union Oil of California, Magma Power 
Company, Aminoil U.S.A. and Thermogenics, Inc. Another 400 megawatts 
will come on line within the next 3 years with steam supplied by Aminoil 
U.S.A., Inc., Union Oil of California, Shell Oil Co. and McCullough Oil 
Corp. 

It requires approximately 20#/hr. of steam to generate 1 kilowatt of 
electricity. 
at a cost o f  25 to 30% less than that of coal, oil or nuclear. 
steam produced in The Geysers normally occurs at approximately 450 F 
and a pore pressure o f  480 psi. The producing interval ranges in 
depth from 4000' to 9000'. 

Geol ogy 

A brief description of The Geysers geology is necessary to better 
understand the steam system. The geology o f  The Geysers is extreme y 
complex with many periods of faulting, superimposed by recent vulcanism. 
This complexity makes it almost impossible to correlate from one well 
to another. 

Electricity is currently produced from geothermal energy 
Thg 

At The Geysers, steam is found in fracture systems located in graywacke 
and metagraywacke o f  the Cretaceous age. The graywacke is a tight 
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metamorphosed sandsto 

from a few inches t o  several tens of feet .  T h i s  u n i t  contains water 

and densi.ties varying o,ver a u wide range. Argillit w i t h  the graywacke i n  thicknesses 

depths  less than 4000 nd will cause d i f f i cu l ty  i f  encountered 

the area include vol can1 cs , serpentini te , 
periodite and a melange of chert ,  greenstone, and blue 
serpentinite can be a problem when i t  is encountered i 
larger  than 2009 
the hole. There 
be dril led w i t h  

cause i t  behaves p las t ica l ly  and will slough into 
-, t o  obtain the best results the serpent ini te  must 

een selected and approved by county, s t a t e ,  o r  
truction beginson the dr i l l  pad, access road and 
The d r i l l  s i t e  is  a f l a t  rectangular shaped area 
i t h  d sump of a capacity of 1.0 t o  1.3 million 
ds and sumps are carefully selected t o  avoid 
i l i t y  studies are performed on each location, 
by the governmental agencies involved. Due to  
struction costs contribute approximately 15 t o  

25% of the to ta l  well cost. 
of a typical geothermal well i s  r u n n i n g  between $850,000 to  $1,600,000 

The to ta l  cost o f  construction and d r i l l i n g  

upon the location and depth of the well. 

eysers area are directionally dr i l led .  This is done 

of a landslide prone area. 
Second, many geol ogi s 

ractures a re  vertical  or nearly vertical  
ucing areas may resul t  i n  l i t t l e  

well must be kicked up to  three t 

used i n  The Geysers 
d r i l l i n g  and have the capabili ty of d 
12,000'. The typical rig has a rated 
and has a minimum derreck capa 
two large horsepower mud pumps. 

w i  ths tand rough 
a dry hole from 30,000 t o  
wer of between 800 to  1000 
O# and must be equipped w i t h  

cd 

encountered i n dri 1 1 i ng for  
producing z s previously mentioned, is the 
ne of the Franciscan formation. The porosity 

cke ranges from 1 to  3% and is  fracture porosity rather 
d r i l l i n g ,  these fractures cause some o f  the 
steam i n  these fractures is  a t  a maximum 

reservoir pressure of 500 psi and ones that  do not contain steam may 
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be connected t o  a vast system of fractured voids. Therefore, d r i l l i n g  
i n  the graywacke w i t h  mud is very slow and prone t o  zones of lost  
circulation. Since the steam reservoir pressure i s  quite low, d r i l l i n g  
through a steam bearing fracture w i t h  mud may go completely unnoticed. 

The casing, cementing and blow-out-preventer programs presently being 
used by Thermogenics i n  both our development and exploratory wells is 
as follows: (See Figure 1) 

L.i 

1) Prior t o  the large rotary d r i l l i n g  rig moving onto location, 
a 30" hole is dril led t o  50-80' w i t h  a small r a t  hole digger 
and 26" O.D. conductor casing is cemented to  total  depth. 

2) After the large rotary dr i l l ing rig is i n  place over the con- 
ductor pipe, a 26" hole is spudded w i t h  a simple gel and water 
mud system. 
i t  may be reduced t o  17 1/2" for better penetration rates, and 
drilled t o  a total  depth of approximately 300', and la te r  open- 
ed t o  26". 20" casing is then cemented from surface t o  
total depth. T h i s  20" string of casing can be eliminated i f  
the well i s  d r i l l e d  i n  a known field i n  which no ground waters 
have been encountered. The  20" is cemented us ing  a Class G 
cement mixed w i t h  3% CaCl . A single gate blow-out-preventer 
is installed on top  of t h g  20" casing. 

In some cases the 26" hole drills so slow that 

3) Through the 20" casing a 17 1/2" hole is dril led w i t h  mud t o  a 
total depth between 2000 and 2800'. 
this p o i n t  t o  set the next casing string, which normally is 
13 3/8", i n  a consolidated, non-water bearing formation; hope- 
fully a graywacke. The reasoning behind t h i s  i s ,  a f te r  the 
13 3/8" casing is set and a 12 1/4" hole is t o  be drilled i t  
is entirely possible t o  d r i l l  w f t h  a i r .  The 17 1/2" hole should 
be drilled straight to  reduce any wear i n  the casing strings 
dur ing  steam production. The 17 1/2" hole is very prone t o  lost 
circulation and some a rg i l l i t e  swelling which can slough and 
stick pipe. The most important p o i n t  i n  completing a geo- 
thermal steam well isto getagood primary cement j o b  on a l l  
casing strings. To leave a water f i l l ed  void between casing 
strings and cement could be a source of corrosion which could 
ultimately result i n  collapsed and/or burst casing. The 13 3/8" 
casing is cemented w i t h  Class G cement and per l i te  blended 
on a ratio of one t o  one, t o  reduce the hydrostatic pressure 
of the cement column. I t  i s  also blended w i t h  40% s i l ica  flour 
t o  aid this lightened cement column i n  compressive strength. 

4)  After the 13 3/8" casing is set and cemented, the blow-out- 
preventers are installed and tested. The blow-out-preventer 
stack from the casing upward i s  as follows: (See Figure 2)  

I t  is very important a t  

a )  A wellhead w i t h  two 3" flanged outlets is welded inter- 
nally and externally t o  the casing then tested t o  2000 psi. 
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-12" PRODUCTrON VALVE 

G 
-26" CSG. CEMENTED IN A 

30" HOLE AT S0'f 

TOP OF 9-5/8" LINER 

THE BOTTOM OF 
0 - 6/8" CASING 

20" CSG. CEMENTED IN A 
25" HOLE AT 300'f 

\ 

,13-3/8" CSG. CEMENTED IN A 
17-1/2" HOLE AT 2500'f 

9-5/8" LtNER CEMENTED IN A 
HOLE AT 5500'f 

-8-3/4" OPEN HOLE TO 8000'+ OR 
COMMERCIAL STEAM PRODUCTION 

Fig,  1. Typical completion profile. 
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GRANT ROTATING HEAD n- 
\ DOUBLE SHAFFER 13 5/8" 900 SERIES 
/ RAM TYPE BLOW OUT PREVENTERS 

FLOW LINE FOR MUD 

FOR AIR DRILLING 13 3/8" 
CASING TO MUFFLER 

*DRILLING OR BLOOIE LINE 

10" 300 ANSI STEAM 
12" 400 ANSI STEAM GATE VALVE 
MAXIMUM TEST PRESSURE 960 P S I  
OR HYDRAULICWY CONTROLLED 
SLAB GATE 

10" BLOW DOWN LINE 

12" 400 ANSI STEAM GATE VALVE 
MAXIMUM TEST PRESSURE 960 P S I  

3" 600 SERIES GATE VALVE 

LINE TO MANIFOLD BLOW DOWN LINE TO SUMP -- 

Fig .  2. Blow-out-preventer stack. 
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b) A 1%" s l a b  gate valve w i t h  a working pressure of 960 psi a t  
500 F is bolted t a  the wellhead. T h i s  is the master produc- 
t ion  valve which is closed upon completion of the well and 
produced thro 

bypass i s  then installed.  T h i s  bypass is used t o  allow 
c) A 12" 400 ANS 1 w i t h  a 10" 40 

1 t o  bleed while 

he spool is inst 
_ _  

can be e i ther  manually or hydraulically control led.  

e)  A Banjo Box, which is n o t h i n g  more t h a n  a flow l ine fo  
both mud and air  d r i l l i n g ,  is installed next. 

f )  Above'the Banjo Box is a double hydraulic ram type blow- 

g)  A Grant O i l  Tool ro t a t ing  head tops the stack. 

5) After the blow-out-preventers are tested,  a 12 1/4" hole is  d r i l l e d  
to  approximately 4500 t o  6000'. T h i s  string should be anchored 
firmly i n  the graywacke.formation. 
directionally,  a l l  directional work being done w i t h  mud and 
locked i n  t o  maintain desired angle and direction. Once the 
direction and angle is obtained, and the formations do not pro- 
duce water or  slough, the hole .can be blown dry. On the average 
i t  requires approximately 3500 t o  4200 SCFM of a i r  t o  d r i l l  
the 12 1/4" hole depending on thepar t ic le  s'ze being removed and 
the presence of f l u i d .  
as f ive times fas te r  than w i t h  mud and you have the opportunity 
t o  test eacn fracture as i t  is dr i l led.  

6 )  Once the 12 1/4" hole is  dr i l led t o  the desired depth the hole is  
f i l l e d  w i t h  water and 
13 3/8" t o  to ta l  dept This casing is cemented w i t h  a cement 
very similar t o  the cement used on the 13 3/8" casing w i t h  the 
addi t ion  of a retarder nd the highe temperatures en - 

Through the 9 5/8" casing an 8 3/4" hole is d r i l l ed  
production or  t o t a l  depth.  The 8 3/4" hole require 
2600 and 3600 SCFM of a i r  t o  adequately clean the h 

, one w i t h  pipe rams and one w i t h  b l i n d  rams. 

T h i s  hole can also be dr i l led  

Penetration rates w i t h  a i r  are as much 

9 5/8" liner is hung from 200' i n  the 

In The Geysers area, drilled t o  a depth where steam pro- 
duction appears comwe 11 i s  then tested for  approximate 
flow rate  by ins ta l l1  
and measuring pressure upstream and downstream o f  the o r i f i ce  while the 
well i s  allowed to  blow through the muffler. 

o r i f ice  plate i n  the blooie or  flow l ine  

These measured pressures 
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e . 1  

indicate a flow capacity. 
the well is completed, i f  not, i t  is dril led deeper i n  anticipation of 
increased production capacities. 

When the flow capacity reaches a poin t  where i t  is too h i g h  t o  con- 
tinue d r i l l i n g ,  the d r i l l  pipe and d r i l l i n g  assembly are pul led  out 
of the hole. The bottom production valve is then closed and a 1/2" 
bleed l ine is installed a t  the casing head. The d r i l l i n g  r i g  is re- 
moved from the well s i te .  The well will be retested to  determine a 
more precise flow rate and allowed t o  bleed while awaiting production 
faci 1 i t ies.  

If a t  this point, the capacity is sufficient 

Upon completion, i t  may be desireable t o  run  an additional string of 
10 3/4" tie-back casing from the top o f  the 9 5/8" liner back t o  sur- 
face. (See Figure 3) T h i s  can be done by k i l l i n g  the well w i t h  water 
and setting a drillable mechanical packer a t  the shoe of the 9 5/8" 
casing and f i l l i n g  the hole with water. After the 10 3/4" casing is 
se t ,  the cement and p l u g  are drilled out t o  return the well t o  produc- 
tion. 

If the well i s  converted t o  injection, a s t r i n g % o f  7" casing is run 
to  the top  of tne steam zones and cemented back to  surface. A l l  cement 
plugs are then drilled out  o f  the 8 3/4" and a 5" slotted l iner hung 
across the steam zone. The best injectors are marginal producers as 
the water can be forced back into the production zone. 
steam utilized a t  the power plant, approximately 80% is evaporated a t  
the cooling tower and 20% condensed and returned to  the operator for  
rei n j ec t  i on. 

O f  a l l  the 
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( E d + -  10" PRODUCTION VALVE 

J 

f i l e  w i t h  

I I-+ 8-3/4" OPEN HOLE TO 8000'f OR 
COMMERCIAL STEAM PRODUCTION LJ 
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MATERIALS USED I N  DRILLING GEOTHERMAL WELLS I N  THE GEYSERS 

Larry Leet 

Ma gc o ba r 

Divis ion of Dresser I n d u s t r i e s  

Healdsburg, C a l i f o r n i a  
~ _ _  

ABSTRACT 

D r i l l i n g  deep geothermal wells i n  t h e  Geysers i s  usua l ly  done with 

a i r  as a d r i l l i n g  f l u i d .  

proper  co r ros ion  i n h i b i t o r s  are added t o  the  a i r  stream. 

t h e  high temperature encountered and t h e  presence of €I2, s p e c i a l  

i n h i b i t o r s  had t o  be developed and are c u r r e n t l y  being used. 

paper w i l l  de sc r ibe  t h e  cor ros ion  problems encountered i n  d r i l l i n g  the  

Geysers and the  measures taken t o  reduce the  co r ros ion  rates. 

Corrosion rates with and without  i n h i b i t o r s  are compared and the  c o s t  

and e f f e c t i v e n e s s  of the  i n h i b i t o r s  are d iscussed .  

Corrosion ra tes  are very  high un le s s  t h e  

Because of 

This  

GEYSERS DRILLING MUD PROGRAM 

Spud mud to  500'+ 

t o  2500'+ 1 7  1/2" ho le  f o r  13 3/8" cas ing  

t o  5000'+ 12 1/4" ho le  f o r  9 5/8" l i n e r  

1 7  1 / 2 "  Open t o  26" f o r  20" cas ing  - 
- 
- 

Ligh t ly  t r e a t e d  l i g n i t e l b e n t o n i t e  d r i l l i n g  f l u i d :  ben ton i t e ;  

l i g n i t e ;  c a u s t i c .  Loss c i r c u l a t i o n  zones t r e a t e d  with co t tonseed  

h u l l s  and/or cement as requi red .  Corrosion problems can be seve re ,  

so f i l m  forming amines and oxygen scavengers are used t o  minimize 

d r i l l  p ipe losses .  Described as follows: 

I n h i b i t o r  202 i s  a formulated,  p e r s i s t e n t  f i l m  type,  water and 

o i l  d i s p e r s i b l e  cor ros ion  i n h i b i t o r  designed t o  p r o t e c t  t he  d r i l l  
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s t r i n g  during d r i l l i n g  operat ions.  

a i r  s t i f f  foam, mud mist ing,  aerated mud o r  conventional mud 

d r i l l i n g  f lu ids .  

o r  it may be used as a s lug treatment.  

It funct ions e f f e c t i v e l y  i n  

It may be painted or sprayed on the  d r i l l  pipe 

55 gal lon  drum, dens i ty  

I of 7.7 l b l g a l .  

OS-1 l i qu id  is  a l i qu id  oxygen scavenger of the  ammonium b i s u l f i t e  

type. It is used by d i l u t i n g  one pa r t  i n  t e n ' p a r t s  water. The 

d i l u t e d  so lu t ion  is  added a t  the  pump suc t ion  a t  1-1/2" t o  2-112 

ga l lons  per hour. 
I 

55 ga l lon  drum-density 11.16 lb /ga l .  

SI 1000 i s  an organic phosphate type sca l e  i n h i b i t o r  f o r  tubular  

goods, It may be added t o  f resh  water o r  br ine  systems t o  prevent 

depos i t ion  of a l k a l i n e  e a r t h  lqetal sca le .  55 gal lon  drum-density 
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STUDY ON THE E Q U I L I B R I A  AND PROPERTIES OF BRINES 

+ + f f 
G.Conti , P.Gianni , G,F.Nencetti , L.Petarca 8 M.R.TinS+, 
N.Vatistas f 

+ 
Institute of Physical Chemistry, University of Pisa, Italy 

f Institute of Industrial and Applied Chemistry, University of Pisa, 
Italy 

Brines at high temperatures and with a high salt content 
can, in principle, be exploited for many purposes including 
the production of electric enkrgy, the supply of district 
heating and the recovery of those chemical compounds which 
are of commercial interest. 

i 
Obviously, in order to examine the different exploitation 

possibilities of such brines to determine the best alternati - 
ves and consequently the most suitable technological cycles 
for the complete utilization of the resource, it is essential 
that sufficient information on the characteristics of the 
salt composition of the system and, in particular, on the e- 
quilibria in solution is available. This information must re- 
fer to all the thermodynamic properties, e.g. heat capacity, 
latent heat, vapour pressure, etc. 

The problem of obtaining such information arises whenever 
a new geothermal resource is discovered as one manifestation 
can vary considerably from another. This is shown by the da 
ta given in Table I which refer to some Italian geothermal 
areas. 

The complexity of the systems involved means that it is 
unrealistic to attempt a theoretical approach to this problem. 

I It was, therefore, decided to initiate an experimental research i l i !  ! 
program in order to obtain data which could be compared with 
the data already published and could be used to determine the 
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values which are still lacking in the literature. 

had been excluded riori, the,reliability of certain semi- 
empirical relation 

Although the de opment of th diction methods 

the extrapolation a€ the available dg 
" 

I 

a e m i c d l  ccmpositian of Brines f m  saw Itallan g&hemal fields. - 
bsano! 

(1) 

01,ooo 
9.5 
6.0 
22 ,000 
15,800 
80 
62 
116 
7.2 
206 

- 

- 
440 
26,530 
24,450 - 
3,365 
I94 - 
11,265 
133 
7.95 

167,376 
60.36 
lo. 69 
52,142 
33,833 
- 
- 
- - 

31.17 - 
- 

17,3U 
76,638 
29.41 
2,5B - - 
,892 
140 

. 8.35 

Latera i 

[3) 

8,595 
10.8 
3.2 

2,450 
351 
lo 
3 
2.5 - 
24.8 - 
147 

2;815 

849 
40 
370 
600 
440 
7.94 

7,563 
289 
lo.45 
1950.0 
286.0 
9.3 - 
0.74 
3 .O 

67.84 - 
77 .O 

2,292 
347 
64 

1,418 
-12 ' 

390 
1,271 
247 
7.2 

15,242 - 
- 
1,400 
282 - 
- 
- 
- 
U6.4 

sb 
2,325 - 
129 
44 
12 
44 

13,958 
1,350 
7.1 

cesano. 
(6)  

350,000 
110 
15 

57,000 
77 ,000 
180 
50 
350 
0.7 
100 - 
5.0 
27,000 
189,ooO - 
lKx> 
trace - 
7,000 
- 130 
7.5 

r 

(1) Sample taken 14-15 May 1979. 
(2) Sample extracted with airlift, 12/8/77. 

ues of five samples taken during 
ken using sampler (total fluid), 12/6/80. 

(5) Analyses of samples of entrained water, 12/10/80. 
(6) Mean values for analyses of water delivered. 
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ta was analysed with reference to at least some of the proper- 
ties to be recognized. The priority of the properti& to be 
recognized changes according to the particular application of 
the geothermal resource. The various aspects of this problem 
are listed in the following points. 

a) Chemical exploitation'of the resource. 

This type of exploitation can be employed directly on brines 
at temperatures which are considered unsuitable for energy or 
heat production. It can also be applied to brines at high tem- 
peratures after they have been first exploited for electric 
energy production. 
Examining the compositions reported in Table I, it can be seen 
that the brines appear particularly interesting for the recove 

\ 

ry of potassium salts and boric acid and also of sodium sulfa- 
te, even if it is rather doubtful whether this last salt is of 
any real commercial interest. 

It should be remembered that although the recovery of salts 
may be economically advantageous it also gives rise to many 
minor problems and difficulties connected with the disposal of 
the exhausted brines. 

A number of processes for the recovery of potassium salts 
from brines have been described in the literature, e.g. preci- 
pitation as perchlorate (1) (2) or potassium salt of dipi- 
crylamine (3 -8 )  or in the form of double salts such as syngini- 
te or alum or recovery using high selectivity ionic exchange 
resins (9-13). The most practical process from the operatio- 
nal viewpoint, however, seems to be the utilization of rractio - 
nal crystallisation. This has been confirmed by technical and 
economical analyses of different processes. In order to use 
this method, it is essential to have a full knowledge of the 
equilibria in solution in the system in addition to the other 
thermodynamic properties. 
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b) Thermal exploitation of the u 
ere is no interest in the recov 

the main information necessary is t'he ubility curve. 
is curve represents the separ s as 'the tempera - 

ture of the brine decreases. Ob 
namic properties must also be k 

c) Exploitation of the resource to produce electric power. 

The observations made above in point b) re also valid for this, 

In order to study the most suitable process to be used for 
the exploitation of the resource it is important to have as 

" complete a picture as possible of the salt equilibria in the 
aqueous phase and also of the gas solution equilibria as these 
have a direct bearing on the possibility of corrosion or sca- 
ling during the delivery. 

In the experimental research program descri ed in this paper 
all these factors have been considered and the first results 
are given here. I 

he research program has been conducte'd frpm a practical 
than a theoretical stance, the 
rformed adopting standards of ision and accuracy 

surpmentp have often 

which, while completely acceptable on the technical level, would 
be inadequate if judged fro scientific view-point. 
s the program has progressed, equipment has been desi- 
oped and tested so that it will be possible in the 

near future to achieve results which are completely satisfactory 
also on the scientific level. 
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COMPLEX EQUILIBRIA IN SOLUTION 

Studies, described in detail elsewhere (4) 8 have been conducted 
to examine the quaternary system Na2SOq-K2S04-KC1-NaC1; these 
are the predominating salts ip the brine of Cesano 1 well.Data 
on this system, limited to'temperatures below 100°C, have alrea - 
dy been published. Our experience so far is limited to verifying 
the data reported in the literature for this system and to inve- 
stigating the influence of the other species such as boric acid. 

We used a very simple apparatus, represented in Fig.1, consi - 
sting of a container of pyrex glass composed of a central piece 
with a syntherized glass filter (G1 porosity) and two 100 ml. 
flasks connected by means of spherical joints. 
The water and an excess of the predicted 
ded into the lower part. of the apparatus 

n 

a-a 1 

b 
= 100 ml flasks 
= synterized glass filter 

solid phase6 were loa- 
and the system-was stir - 

a= 2000 W electric heater 
b= Vertex thermometer 
C= mechanical stirred 
do saturation apparatus 

e= thermometer 
f =  magnetic stirred 

Cn b 

d ::::.*.::: a 
W 

Fig. 1. Apparatus for solubility measurements. 
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red byra magnetic stirrer. The device,was placed inside a ther- 
mostatic bath which maintained a chosen temperat 
+ 0.05OC. When sufficie o ensure that equili - 
brium had been reached, e equipment was versed without remo- 
ving it from the bath. The clear solutioo was se rated from the 
residual solid phase by filtration'through the septum and then 
chemically analysed in order to determine the concentrations. 
Fig.2 plots the path of our experimental points against that 
derived from the published data. The influence of the presence 
of other chemical species is, however, of great relevance. In 
fact, if boric acid is present in ,the system the diagram chan- 
ges considerably.' This is shown by Fig.3 which illustrates a 
Jznecke diagram at 100°C and shows the shifting in position of 
the point of equilibrium of glaserite, sodi oride and po- 
tassium chloride. The presence of boric acid es the point 
to shift towards zones with higher sulfate an 
concentrations, particularly at higher temper s. In addi- 
tion, there is.a strong increase in the solubility of both the 
species of the* system Na+-K+-S04 -Cli and of the' boric acid, 
see Fig. 4. 
From our experience with simplified systems, we have concluded 
that althoug uch systems can be to some extent indicative of 
general behaviour, they ma 11 be inadequate for a complete 
understanding of the real em. Furthermore, the problem of 
studying the system at higher temperatures is still unresolved 
and the implementation of a first autoclave has not proved sa- 
tisfactory. 

W 
time had elapse 

i 

assium ion 

-- 

I .  

INTEGRAL SOLUBILITY DATA 

In addition to the composition 'and 
phase, the main parameters which should be known are the tempe- 
rature at which the separation of 'the solid phase begins and the 
total amount of solids separated from the brine-as the temperatu - 
re decreases. As apparatus has not yet been deve1oped"which _ _  - is 

at elevated temperatures pressures, we 

parated solid 

capable of oper .. 
. I  
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Fig. 2 .  Janecke diagram a t  T = 75oC. 

A I Pure system 
0 I Pure system+ 

;zc I 2 

Fig. 3 .  Janecke diagram a t  100°C; influence of 
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Li have performed measurements below 100°C by using a simple appa- 
ratus. The desired salt composition was weighed and introduced 
into a conical flask with an elongated neck of about 20 cm which 
is connected by a spherical joint to a burette which allows wa- 
ter to be added. 

The flask was then placed in a thermostatic bath and water 
was added, keeping the system in continuous agitation until 
total solubility was obtained. 
T h e  solubility data obtained for a mixture containing sodium 
and potassium chlorides and sulfates in a analogous propor- 
tion to that of.the brine of Cesano 1 are repqrted in Fig.5 
together with the solubility data for pure salts. 
These data seem to indicate that in the brine of Cesano 1, 
where the solubility of the salts appears to be greater owing 
to the presence of the boric acid,separation of the solid pha 
se should not occur until at temperatures not much above 100°C. 
On the basis of these considerations, the temperature of 125OC 
has been chosen as the lower limit for the exploitation of the 
Cesano 1 brine in the propose'd pilot plant. 

THERMODYNAMIC PROPERTIES 

From the experimental viewpoint, the determination of certain 
properties, such as steam pressure for example, presents no 
particular difficulties as long as suitable equipment is avai- 
lable. The theoretical prediction is obviously far more complex. 
Neither are there any particular problems, from the practical 
side in measuring the latent heat of the evaporation of water 
as this is influenced very little by the salt concentration. 
The measurement of the heat capacity is a much more important 
and complex problem. 
There is a notable.lack of published data concerning brines at 
elevated temperatures and concentrations. Bromley (15), Silve- 
ster and Pitzer (16), and Tanner and Lamb (17) have measured the .,- 

dependence of the heat capacity on the concentration. These 
authors, however, were working with a limited range of tempera 

id 
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tures and concentrations generally 'restricted their stu- 
dies to simple systems. 
From these considerations, there emerges a clear necessity for  
the\collection of -an extensive body of experimental data. 
The work began by measuring the heat capacity of'a series of 
multi-component salt mixtures and of all the single electrolyte 
solutions contained in them in order to find suitable correla- 
tions which could be used to predict the heat capadty of such 
mixtures over a much wider range of temperatures and'total coz 

W 

0 Cesano mixture 
P, Na2S04.10 n 2 0  

I 
1200L\  . 

v Na2S04.7 H20 

NaCl 
A Na2SOq 

I \  

K C l  
0 K2s04 

Fig. 5. Integral solubility of pure sodium amd potassium 
chlorides and sulfates and their mixtures in p 
analogous to'cesano-1 brine vs temperatire. 

ad 
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LJ centrations and at different ratios between their components. 
In this study, the heat capacities between 3OoC and 8OoC have 
been measured for salt water solutions of NaC1, KC1, Na2S04 
and K2S04 and for some of their mixtures for different compo- 
nent ratios and using a CALVET type calorimeter and the "con- 
tinous heating" method. The range of temperatures and concen- 
trations studied was limited both by the fact that it was im- 
possible to agitate the mixture while measurements were being 
made and by other special characteristics of the experimental 
apparatus. The heat capacities were measured within an estima - 
ted accuracy ,of 0.5%. 
The experimental values obtained for the heat 
the mixtures were compared with those computed using equations 
(1) and (2). 

capacities of 

(1-X) PW c = e c x + c  P 

where X is the weight fraction of the total solute, C 

rent heat capacity of the mixture which is computed from the 
apparent heat capacities of the single electrolytes OC i mea- 
sured at the same total ionic strength of the mixture. xi is 
the weight fraction of the electrolyte with respect to the to - 
tal weight of the solute. 
In equation (21, known as Young's rule, fhe apparent heat capa - 
cities of the electrolytes in the mixture are considered, in 
the first place, to be additives as they have been computed for 
the total ionic strength of the solution. 
Table I1 compares the C 
ted using equations (I) and (2) under various conditions of tem - 
perature and concentrations. In all cases, the difference bet- 
ween the computed values and the experimental ones is less than 1%. 
We now plan to check the validity of 
concentrations and temperatures and to eventually attempt other 
correlations. In order to be able to extend the measurements to 

PW is the heat capacity of the pure water and Cp is the appa- 

experimental values with those compu- P 

Young's rule for higher C# 
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a wider range of temperatures and concentrations, a calorimeter 
has been constructed and tested to measure the thermal capacity 
of salt water solutions in the temperature range SOo-250°C and 
at the relative equilibrium pressures. The sample can be agita- 

ted while measurements are being made and saturated solutions 
in the lower temperature range can, thus, also be analysed. 
The calorimeter is of the drop calorimeter type and is illu- 
strated in the diagram in Fig.6. The cell of the calorimeter 
is composed of a cylindrical container in stainless steel with 
the internal walls completely lined with gold at lOOO/lOOO. 
The capacity of the cylinder is - 5 cm . This apparatus makes 
it possible to obtain the mean heat capacity of the cell and 
its content between the furnace temperature Ti and the tempe- 
rature Tf of as underlying calorimeter C, of adiabatic type, 
where the cell has been dropped. 
The ratio between the heat capacity of the cell and the calor& 
meter is approximately 1:SO. If, in a series of experiments 
at various temperatures, Ti, the values cf Tf vary little from 
a mean value it can be demonstrated that the heat capacity 
CT at a temperature T, within the range of the analysed tempe- 
ratures, can be computed from the following expression: ’ 

3 

’ 

f’ 

d cT 
d T  

( 3 )  
- 

CT = CT + (T - Tf) 
d ZT 

The values of cT and of the derivative 
from a best fitting of the values -dT 
mial equations of the type: 

are obtained 
using polyno- 

i 

The following type of expression can thus be obtained for CT 

j-1 n 

j =O 

- 
j Tf) C j a T CT = C a. T + (T - n 

j j=O 3 
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Si - Position of the sample in- 

side the furnace 
T = Circulating water thermostat 

thermometers 

- 
OUT 

TA i 

-!SAMPLE L REVOL I 

TH - Thermocouples 

I 

I I 
I I 

I 

ADIABATIC 
SHIELD A U T O M A T  

C 

\ 

Fig. 6. Scheme of 

I I I 

the drop calorimeter. 

QUARTZ 
THERMOMETER 

\CONVERTER ./ 

RECORDER 

h) 

E 



242 

A first series of experiments has been performed'over the tem- 
perature range 75°-2000C, using a 6 molal solution of sodium 
chloride to control that the apparatus was functioning correc- 
tly. The results obtained, expressed as heat capacity at constant 
pressure (C ) #  were compared (see Tab.111) for a number of te2 P 
perature values with similar data reported by Silvester and 
Pitzer (16). The values given refer to the heat capacity of wa- 

ter i n  the same temperature range. For this purpose, the values 
of C for water given by Bromley et al. (18) have been used. 
The agreement between the two series of data in TableIXIcan be 
considered satisfactory bearing in mind the present accuracy of 
our apparatus, estimated at about 0.5%. 
We believe that it will be possible to achieve a greater preci- 
sion in this apparatus by an improvement in the treatment 
the data and by altering the calorimetric ell in order to in 
crease the volume contained. 

L! 

P 

of 

TABLE I11 

Comparison of some heat capacity values of a 6 m NaCl sol: 
tion measured during this study and the corresponding va- 
lues taken from Silvester and Pitzer in the temperature ran 
ge 75Oc - 2 0 0 0 ~ .  

75 
100 
125 
150 
175 
200 

This study 

0.7837 
0.7791 
0.7754 
0.7729 
0.7722 
0.7766 

Ref. (2) 

0.7800 
0.7776 
0.7715 
0.7644 
0.7614 
0.7739 

I 
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CONCLUSIONS 

The initial stage of our experimental rese rogram to 
study the equilibria and properties of brines ow been COIJ 
pleted and we hope to have 
re, an extens e body of d 

U 

t our disposal, in the near futu- 

From the results obtained so far i t  appears unrealistic to * 
think in terms of a theoretical, approach; at the present moment, 
a development in the experimental research methods is necessary 

I 
! technical level. 

if reasonably reliable correlations are to be obtained on the 

I 

I 
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w 
POTENTIAL SOLUTIONS FOR GEOTHERMAC BRINE PRODUCTION 

UTILIZATION AND REINJECTION PROBLEMS 

0.  J. Vetter, Vetter R 

Costa Mesa, Ca l i fo rn ia  ' - 

ABSTRACT ' 

a1 industry is present1 fronted with\a l a rge  

number of technica l  problems r e l a t ed  

u t i l i z a t i o n  and r e i n j e c t i o n  processes 

of  Energy/Division of Geothermal Energy 

i s  funding l a rge  e f f o r t s  t o  he lp  overcome them. 

geothermal b r ine  production, 

ed S t a t e s  Department 

these problems and 

The j o i n t  e f f o r t s  by p r iva t e  industry and DOE/DGE have s t i l l  not  

solved,  i n  a s a t i s f a c t o r  nner,  the  following 

problems : 

1. Scale and corrosion proble n subsurface and sur face  

equipment. 

2. Removal of s i l i c a  and o ther  suspended p a r t i c l e s  from the  

r e in j ec t ed  br ine ;  these p a r t i c l e s  cause severe damage t o  the  

i n j e c t i o n  wells.  

3. Proper gas handling (noncondensables) t o  ensure optimum power 

p lan t  e f f i c i ency .  

4. Mineral recovery through u t i l i z a t i o n  of b r ine  cons t i tuents .  

5. Maximum rese rvo i r  hea t  recovery and avoidance of subsidence 

through r e i n j e c t i o n  of hea t  depleted b r ine  and i n j e c t i o n  of 

aqueous f l u i d s  which are not na t ive  t o  the  reservoi r .  

Many papers dea l ing  with var ious aspec ts  of these problems have 

been published. These papers descr ibe  at tempts  t o  a t t a c k  these  

problems through t h e o r e t i c a l  evaluat ions and/or through bench sca l e  

experiments. Unfortunately,  very l i t t l e  is published about fu l l - s ca l e  

f i e l d  experiments t o  f ind  so lu t ions  t o  these problems. 

Recently, a number of p r i v a t e  geothermal opera tors  have commis- 
sioned us t o  conduct some of these l a rge  s c a l e  experiments i n  ac tua l  

f i e l d  tests. A la rge  s c a l e  test u n i t  was b u i l t  and operated a t  W 
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various sites. This un ab le  of handling up t o  1,000,000 

lbs /hr  t o t a l  flow a t  a maximum temperature of 515'F. 

DOE/DGE joined forces  with these opera tors  by providng funds 

through i t s  research program on r e i n j e c t i o n  problems. I n  r e tu rn ,  a l l  

da ta  obtained through these f i e l d  experiments w i l l  be published 

whether o r  not they a r e  d i r e c t l y  funded by DOE/DGE. 

The following t a sks  a r e  included i n  t h i s  work: 

1. Experiments t o  determine the p r a c t i c a l  f e a s i b i l i t y  of br ine  

c l a r i f i c a t i o n  by ,var ious  processes including reactor-  

c l a r i f i c a t i o n  and f€occulat ion.  

2. Extensive documentation of a c t u a l l y  measured da ta  and p rec i se  

i d e n t i f i c a t i o n  of problems based on these a c t u a l l y  measured 

f i e l d  data .  

3. High temperaturelhigh pressure t e s t  loop experiments t o  

determine : 

a. 

b. Optimization of  gas and l i qu id  handling processes.  

c.  Scale depos i t ion  rates. 

P rac t i ca l  aspec ts  of mineral recovery. 

Of p a r t i c u l a r  i n t e r e s t  a r e  the  types of instrumentat ion used t o  

iden t i fy  problems and t o  monitor the  gas and l i qu id  q u a l i t y  i n  large- 

s ca l e  f i e l d  experiments. Theoret ical  evaluat ions using the  f i e l d  da t a  

t o  determine var ious chemical aspec ts  of fore ign  br ine  i n j e c t i o n  a r e  

also given. 
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PRODUCTION' TEST FACILITIES OF THE HOT BRINE 
OF CESANO GEOTHERMAL FIELD 

R.rcCorsi and R. Di Falco 
~ ENEL 

1. - INTRODUCTION 

Since 1968 ENEL has developed a prospecting program for 

geothermal fluid researc in the Vulsini and Sabatini 

mountains regions. The d a acquired from these investi - 
gations enabled ENEL to site first exploratory well 

and discover the Cesano Geoth a1 Field (1). 

This field is located approximately 15 Km n 

(Fig. 1). 

So far nine deep wells (1400 - 3000 m) have been drilled 
in this area. Bottomhole temperatur range from a mini 

mum of 145OC (C 5 well) at 1800 m of 
of 3OO0C (C 4 well at 308 m of depth). 

Produption characte stics of these wells are quite dig 

ferent : five are sterile or scarcely productive, four 

produce very high saline brines but w i t h  different phy- 

sio-chemical characteristics. The pressures of producti 

ve wells at the Sam n above sea-level are also 

quite different. These facts prevent us from formulating 

hypotheses on the geothermal reservoir for the moment. 

This paper describes the results obtained with a small 
measuring plant in the first exploratory well Cl, which 

began production in 1975. 

C 1 well is located approximately 15 Km north of Rome, 

near the southern edge of the Baccano Valley (Fig. 2). 

Its characteristics (technical profile, depth, hydrogeo - 
logy, thermal profile) are summarized in Fig. 3 .  
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Fig. 1. Location of the,Cesano area. 
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Fig. 2. Location of wells of Cesano arks. 
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Fig. 3. Summary of geohydrological, thermal, and geochemical data. 
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- CESANO 1 TEST FACILITY 

Th i s  w e l l  went i n t o  product ion for t h e  f i r s t  t i m e  

1975 (1)  when t h e  d r i l l - r i g  w a s  s t i l l  on t h e  w e l l .  

As t h e  w a t e r  produced was a ho t  b e wi th  an e leva ted  

s a l t  concen t r a t ion ,  t h e  well-head equipment was r a p i d l y  

a f f e c t e d  by i n c r u s t a t i o n  so t h a t ,  a f t e r  about 10  hours 

product ion,  t h e  w e l l  w a s  shut- in .  From t h i s  f i r s t  pro- 

duc t ion  per iod ,  however some d a t a  w e r e  ga thered  on t h e  

i n  

chemical composition of t h e  b r i n e  (1  ) . 
Since  no r e - i n j e c t i o n  w e l l  w a s  a v a i l a b l e  f o r  waste d i spo  - 

a s t e e l - l i n e d  b a s i n  w a s  b u i  t o  c o l l e c t e d  t h e  b r i n e  

ced from t h e  w e l l ,  and a s s e p a r a t i o n  p l a n t  as- 

sembled t o  measure flow c o n d i t i  and t h e  physio-chemi- 

ca l  c h a r a c t e r i s t i c s  of t h e  b r i n e  

A s k e t c h  of  t h i s  p l a n t  i s  shown i n  F igs .  4 , 5 and 6.The 

h y d r o s t a t i c  l e v e l  being a t  a depth of .‘L 105  m from the  

well-head gas l i f t  s t i m u l a t i o n  i s  r equ i r ed  t o  pu t  t h e w e l l  

i n t o  product ion.  

A 230  m tub ing  was lowered i n t o  t h  e l l  to perform t h i s  

gas  l i f t .  

F l a sh ing  i n  t h e  w e l l  cause t h e  d i s so lved  sal ts  t o  

p i t a t e  and g i v e  rise t o  s c a l i n g  phenomena i n  t h e  well-head 

equipment (Fig.  7 and 8). A water p 

ed t o  f l u s h  water i n t o  t h e  hot b r i  

concen t r a t ion  thus  dropped and i t  w a s  p o s s i b l e - t o  prevent 

s u l p h a t e  i n c r u s t a t i o n  on t h e  p ipes .  

Three d i f f e r e n t  t ypes  of materials and coa t ings  were used 

/ 

down stream of t h e  cyclon i n  an a t tempt  a t  avoiding scal- 

ing .  
i 



FRESH WATER 
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S -Separator 
LC - Level control 
C -Cyclon separator 
SB - Stuffing box 
CO - A i r  compressor 
E -Heat exchanger 
B -Basin 
W -Weir 

Brine line - Water line 
w Valve 
+ Orifice meter 
T Temperature 
P Pressure t 

E, 
. .  . " 8  . 

Fig. 4. Schematic diagram of separator assembly. 
C' 
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F i g .  5 .  V i e w  of separator.  

F i g .  6 .  V i e w  of t h e  bas in  for c o l l e c t i n g  the  br ine .  



Fig. 7. 
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V i e w  of s c a l i n g  on o u t s i d e  of pipeline. 

E 
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Figures 9 , I O  a w the incrustatio n these 

materials. 

The first is stainless steel AIS1 316, the second steel 

coated with zinc, the third steel coated with teflon, 

The thickness of scaling was respectively 6 mm, 6 mm and 
4 . 2  mm after about 75 hours of production. The smaller 

thickness on steel oated with teflon is likely due to 

the fact that crystal formation takes long 

The materials examined did not show signs 

after scaling was removed. We presume tha 

vented a corrosion attack. 

A small double-pipe heat exchanger was a1 

to measure the brine-water heat transfer coefficient. 

A stuffing-box was mounted at well-head to lower measur 

ing instruments during production. As shown in Fig. 4 ,  

the mixture was passed into a separator and the discre- 

te 

Although no difficulty was involved in measuring the steam ' 

phase, the water phase presented some problems on leaving 

the separator, as it contained a small percen ge of steam 

carried over from the separator along with th water phase. 

Even a very small quantity of the order of 1/2% would 

cause a relatively large error in the estimated flow (2). 

Hence water was introduced in the level control tank 

both to reduce incrustation in the automatic valve and to 

condense part of the steam entrained in the liquid phase. 

A weir was mounted down stream of the separator to verify 

whether the ifice measurements were correct. 

Taps were left in different parts of the plant and at well 

head for sampling purposes. 

. 

phases measur d with an orifice meter. 
I. 7 
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F i g .  9 .  Incrustation on s t a i n l e s s  steel AIS1 316. 

F i g .  1 0 .  Incrustation on steel coated with z inc .  



258 

Fig. 11. I n c r u s t a t i o n  on steel  coated w i t h  Teflon.  
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Mass flow rate ton/hr 

F i g .  1 2 .  Characterispic curve of C1 well. 
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- PRODUCTION TESTS AND PLANT PERFORMANCE 

Production testing could only begin in July 1977. A se- 

cond one was performed in July 1978. During these tests, 

production had to be shut-down three times because of 

technical trouble caused by the incrustation characteris - 
tics of the brine. 

The production tests lasted only 135 hours because of the 

small capacity of the basin and the lack of water for di 

lution. During these 135 hours the well produced % 10.000 

tons of brine. 

Separator temperature was kept at about 140 C to prevent 

Glaserite Na SO K SO precipitation. 

During the test, flow-rate ranged between 70 and 150  t/h, 

according to the characteristics curve in Fig. 12. Below 

0 

2 4  2 4  

50 - 60 t/h the well stopped producing due to steam con - 
densation. 

The separator ran regularly during all the period of pro - 
duction but during the last hours,the bypass valve had 

to be opened because of partial obstruction of the auto- 

matic valve. 

At the end of the production tests, the inner part of the 

cyclon was covered with a uniform CaC03 incrustation of 

about 20 mm of thickness, whereas the inner part of the 

steam pipe was quite clean. This is due to the fact that 

during the production a water valve was periodically ope; 

ed to wash the steam pipe inside the cyclon. 

The dilution of brine allowed us to maintain production 

for 75 hours continuously.Unfortunate1y scaling prevented 

us from obtaining accurate measurements. 
r. 

LJ 
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The pressure top were regularly obstructed so that pres - 
sure, and flow rate measurements were'discontinuous.Sca& 

ing on the thermometer well may have altered the tempe- 

rature measurements. 

The flow rate measurements in the weir was the most re- 

liable as it was una fected by scaling. 

At the end 

and well to avoid salt precipitation. 

Recently a bbrehole geometry log was made to see i f  there 

were incrustations in the well. The results of this measg 
re are shown in Figure 13. 

It is clear from.the figure that th hickness of the 

scaling increases with depth and then diminishes. At a 

depth of about 350 m (at flashlevel) the well was obs - 
tructed. 

The discontinuties in the fi e are probably due to the 

glaserite crystals that grew when the temperature of'the 

of production water was flushed into the plant 

I 

0 brine dropped below about 120 C, as will be discussed la 

ter. 

. .  . . .  

. .  . .  

4 .  - CHEMICAL CHARACTERISTICS OF THE BRINE - 

Many samples were collected in order to estimate the 

physio-chemical characteristics of the brine. 

Five types of sampling are used : .  

1 )  - in bottle set up at well-head to collect the brine 
under pressure conditions; 

L4 2) - collecting brine downstream of the weir, after dilu - 
tion of the brine; 
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CCL BGT 

6-l 8" 10': 12" 
Diameter inch 

Fig. 13 .  Borehole geometry log. 
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V 3 )  - using an in-hole KUster sample 

4 )  - collecting scaling samples inside and outside the 
pipes: 

5) - deviating the two phase flow on a bypass and closing 
.at the same time two valves. 

The results of the chemical analyses are very different, 

depending on the typ’e of sampling used. It must be re- 
membered that the well produced a two-phase mixture of 

steam, brine and gas. For example, the samples collected 

with the bottle method of 1) did not always reflect the 

real conditions in the pipeline, as in some cases the gas 

phase was predominant in the sample and in others the li- 

quid phases. 

Dawnhole sampling, as in 3 ) ,  was -difficult because the 

high temperatures destroyed the 0-r s of the sam- 
pler. Hence , the most reliable Sam e those col- 

lected downstream of the weir, 2 ) ,  although the total COR - 
centration were affected by evaporation and by inaccura - 
te measurements of the flow-rate of the diluting water. 

The unreliable results of the fifth method may be due to 

the fact that the valves were not shut at the exact same 

time. 

Its of the chemical analysis of the two produc- 

tions tests are quite different, the main uncertainty 

lying in the Na/K ratio determination. 
However the average composition of the brine can be re- 

presented as shown in table 1 .  u 
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TABLE 1 

CHEMICAL COMPOSITION OF BRINE IN mg/l 

+ 
Ca++ 'L 200 cs 'L 30 

,+++ 
Mg++ 'L 20 2, 15 

Na+ 

K+ 

+ Li 

+2/+3 Fe 

N H ~  

Rb+ 

% 60000 

?r 80000 

'L 220 

'L 1.5  

'L 30 

'L 400 

c1- 

HCO; 

H3B03 

Si02 

TDS 

?r 27500 

% 186000 

'L 2500 

-4 7500 

'L 120 

% 364000 

The gas produced from the well was sampled downstream 

of the separator on steam line and was mainly carbon 

dioxide, whereas H S was absent (see Table 2). 
2 

TABLE 2 

CHEMICAL COMPOSITION OF GAS (WEIGHT PERCENTAGE) 

0.5 N2 
- 

H2S 

c02 

H2 

CH4 99.5 

traces 

traces 

The scaling samples inside the pipes and separator were 

analyzed and revealed that the incrustations consist A 

I 
h.rd 
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3' mainly of CaCO 

However sodium and potassium sulphate precipitation begins 
W 

whenever the brine temperature drops b %* 110Oc. 

Scaling samples were collected inside asin where' 

temperature was 'L 70 C. These were analyzed chemically 

and crystallographically. The results reveal that the in c 

crustation consists mainly of glaseritc 'Na2S04 -3K SO 

The figures given in Table 1 suggest that the hot brzne 
discovered at Cesano has a particular composition, cha- 

racterized by a prevalent sodium and potassium sulphate 

chemism and by its non-reducing property. 

From thesq results it i 

differs significantly from all the other thermal brines 

discovered to date in other parts of the world. 

If we leave aside the constituents present in small quag 

tities, the hot brine composition can be represented on 

a Jxnecke diagram as shown in Fig. 14 (3) . This 'diagram 
is drawn from published data. Using it we can easily e5 

plain the difference between the,chemica analyses of the 

first production period, reported in (1) and the present 

0 

2 4  

lear that Cesano. hot brine 

results. 

The composition of Table 1 couldbe represented by point A 

' *  in the diagram of Fig 

analyses reported in (2) could be represented by point B. 

The two point can be se 

line as point G, which represents the composition of the 

glaseritq. When a solid phase separates from a solution, 

the composition of the latter varies according to a straight 

line joining the point representing its initial composi- 

ereas the resuits of the 

on the Same straight 
J 

tion and that of the solid phase. Hence, the solution of bJ 
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Fig. 14. Janecke's diagram at looo C. 

i 
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composi t ion B can  d e r i v e  from a s o l u t i o n  o f  composition 

A,  a f t e r  the  glaserite has p r e c i p i t a t e d .  The l i q u i d  sam - 
p l e s  of  t h e  1975 p roduc t ion  p e r i o d  were c o l l e c t e d  a t  a t -  

mospheric p r e s s u r e  when they  obvious ly  had l o s t  most of 

t h e i r  g l a s e r i t e  c o n t e n t .  T h e i r  r e p r e s e n t a t i v e  p o i n t  on 

Jxnecke ' s  diagram t h u s  s h i f t e d  from a p o i n t  A t o  p o i n t  B .  

S o l u b i l i t y  tests w e r e  a lso conducted on b r i n e  samples rg 

c o n s t r u c t e d  i n  t h e  l a b o r a t o r y .  The b o r i c  a c i d  was seen  

t o  i n c r e a s e  t h e  t o t a l  s o l u b i l i t y  of the  sodium and po- 

tassium s a l t s  ( 3 )  ( 4 ) .  

F i n a l l y ,  it should  be noted  t h a t  d i s s o l v e d  C02 fo rmsabou t  

2 %  of t h e  t o t a l  b r i n e ,  as r evea led  by t h e  gas/steamratios 

measured i n  samples taken  downstream of  t h e  s e p a r a t o r .  

U 

\ 

5. - IN-HOLE PRESSURE AND TEMPERATURE MEASUREMENTS 

In-hole  p r e s s u r e  and tempera ture  t r e n d s  v e r s u s  depth  d u r  - 
i n g  p roduc t ion  are g iven  i n  F i g s .  15 and 16.  

These f i g u r e s  c l e a r l y  show t h e  level  a t  which f l u i d  eva- 

p o r a t i o n  b e g i n s  f o r  flow-rates of abou t  11 

Note t h a t  t h e  e a t  t h e  evapora t ing  

40 a t m  f o r  a tempera ture  of abou t  2 0 3  C.  That  is ,  t h i s  

p r e s s u r e  i s  much h ighe r  t han  t h e  steam vapour p r e s s u r e  

as t h a t  t empera ture .  

T h i s  phenomenon is  due t o  t 

l u t i o n  and t h e  g r a d u a l  enr ichment  i n  steam o 

phase.  

Values of bottom ho le  s t a t i c  p r e s s u r e  were taken and p l o t  - 
t e d  v e r s u s  t o t a l  

0 

elease of C02 f r o m  t h e  so - 

from t h e  w e l l ' t o  i n v e s t i -  
L.l 

I 
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-1 Depth m 

Fig. 15. In-hole temperature vs depth. 
, f  

8C 
Y 

Fig. 16. . In-hole pressure vs depth. 

,-t 
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ly that pres - 
4 d  

i. 

inaccuracy . 

ion. can be 

build-up tests after 

Maximum pressure 

Kg/cm for a mass flow-rate of ‘L 80 t/ 

rable with instrument accuracy; howeve 

variation is not due to skin effect after shut-in as, 

botton-hole pressure-increases slowly. 

In future these measurements are s p e c  

build up was in fact smaller than 2 
2 

... , ‘.I .... , . r  - ,  

lusion can be drawn on 

d dimension. 

6. - CONCLUSION 

The production tests, although short, did provide, at a 

bow cost, an indication of the chemio-physical charaate - 
ristics of the bri and production conditions. 

Never theless the operations of this small-” pilot plant‘ 

were made very difficult because of the incrustations 

and work will be required in future to improve the relia - 
bility of the measurements and-tg Solve production pro- 

blems (scaling inside the well and in the surface equip-. 

ments). 

However production and laboratory tests have shown that. 
glaserite precipitation may be contio&led by modifying 6.’ 
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production conditions and diluting the brine with water. 

Finally, well Cesano 5 has provided a means of disposing 

of the waste from Cesano 1.  Using the experience of past 

production tests, some studies have been made of the 

feasibility of exploiting the Cesano field for generat- 

ing electricity or its potassic salts. Agronomic tests 

by the ANIC Company have shown that the glaserite could 

be used in fertilizers. 

The plant, which will be described in detail in a separa - 
te report, will permit : 

- long-term production fran the well, by recurring to tech 

niques for preventing scaling; 

- flash steam production through special separators capa- 
ble of operating in the presence of incrusting fluids; 

- control of the Helical Screw Expander with concentrated 
brines; 

- production of glaserite salt using a special crystalli 
zyer. 

Meanwhile measurements and tests will also be carried out 

directed at acquiring further information on Cesano re- 

servoir. 
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SFUL FLUID MANAGEMENT 
SALTON SEA RESERVOIR 

a .; '- ., 

. ,Anthony J. Adduci 
U. S. Departmeat of Energy 

Ssn Francisco Operations Office 
* J '  , .t. . _ .  

Introduction 

This paper has ~ i e e n ~ k x t r a c i  
repor$ on the Geothermal Loop,Experimental Fac i l i t y  and discussions with 
several  persons current ly  in the process of managing geothermal f l u i d  
production u t i 1  

Backp; round 

The Salton Sea Geothermal Reservoir has been known t o  exist f o r  a t  least 15 
years. It was f i r s t  produced by Southern Pac i f ic  Land Co., Phi l l i p s  Petro- 
leum, Morton Sal t .and other=firms f o r  various reasons, one of which was the  
ex t rac t ion  of -heat. 

A l l  of these or ig ina l  exp ers found the production unprofitable due t o  
w e l l  plugging, high t o t a l  dissolved so l id s  i n  the f l u i d  and other reasons. 
The South Salton Sea area still has abandoned si tes as evidence of these 
attempts . 
In  1975-1976 San Diego Gas & Electric and the U.S. Department of Energy (a t  
tha t  t i m e  (ERDA) began a '5b-50 shared cost  venture on the geothermal loop 
experimental f a c i l i t y .  me i n i t i a l  objective was t o  show a multi-stage 
(4-stage) f l a sh  binary system would extract the heat from the  geothermal 
f l u i d ,  u t i l i z e  i t  t o  make e l e c t r i c i t y  and dispose of the waste water and 
so l ids  . 
The Magma Power C 
f l u i d  t o  GLEF und 
labor ,  data  and s e l f  fvnded 

Trom several  reports  includi  

t i on  and-disposal a t  the Salton.Sea Geothermal Reservoir. 

' .  

I .  

. r *  I ; 

, $lip geqthetma 
pec ia l  contract  with SDGkE. 

esource owner, agreed t o  provide 
Magma a l s o  supplied 

eriments which contributed grea t ly  t o  the  
success of the GLEF'.' * . s  z 

I n i t i a l l y  the  system would be operated t o  assure su f f i c i en t  vapor quant i t ies  
t o  support a 10 MW design capacity turbine generator and then the turbine- 
generator would be added t o  produce power. 

In the  ensuing months i t-was obvious tha t  "f luid management" would become 
the overa l l  objective of the GLEF. 

The Salton S e a  geothermal reservoir  ( re fer red  t o  as the reservoir)  y ie lds  a 
f l u i d  of 37S°F (19OOC) a t  +.pressure of 150 psig (11.2 atm) and a flow 
of 324,000 lbs /hr  (146,934'Kg/hr) l i qu id ,  64,000 lbs/hr  (29,024 Kg/hr) 
vapor, 12,000 lbs /hr  (5,442 Kg/hr) gases and 200,000 par t s  per mill ion of 
dissolved so l id s  (see Figure No. 1 f o r  so l ids  and gas -de ta i l s ) .  

The f a c i l i t y  was i n i t i a l l y  t o  use flow from two wells (800,000 lbs /hr  o r  
362,800 Kg/hr) f o r  f l u i d  production and one w e l l  f o r  f l u i d  inject ion.  



ELEMENTAL RANGE FOR WELLHEAD BRINE 

MAC-MAX NO. 1 WELL W 

ELEMENT - HIGH - LOW AVERAGE AVERAGE 

C I  

N a  

ca 

K 

Mn 

Sr . 

Zn 

si 

B a  

Li 

Fe 

Ms 
Pb 

' *  N o t e :  

N2 . 

02 

126,000 107,900 112,800 146,000 94,000 121,000 

46, 500 39,000 41,700 29,600 42,700 

21,400 16,300 19,400 16,700 22,900 

8,130 6,500 7,350 5,830 10,200 

563 462 520 498 718 

430 370 393 472 292 382 

229 184 203 172 25 6 

243 I59 213 152 204 

154 111 130 79 142 

175 146 156 162 

145 117 126 15 2 236 

106 88.2 96.7 67 87 

38.7 8.0 21 e o  8 24 49 

All m e a s u r e m e n t s  are ppm 

(NON CONDENSIBLE GASES AT WELLHEAD 
GENERALLY SAME Boai WELLS) 

K OF TOTAL GAS %OF TOTAL GAS 

I97 122 

\ 

0.02 

* 
*ND 

*ND implies none detected W 
Fig. 1. 

. '  
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The surface plant was a 4 stage flash/binary system See Fig. 2 where fluid 
would be flash 4 times: 
3080F (153OC), 60 psia (4.08 atm); 2620F (127.6OC), 28.3 psia (1.92 
atm); and finally 2210F (104.9OC), 13.3 psia (0.90 atm). 
flash the steam was scrubbed with vertical plate steam scrub'oers and then 
the steam (vapor) was passed through normal shell and tube heat exchangers. 

The "working fluid" (fluid to be vaporized and to drive the turbine; 
from exchanger No. 4 to exchanger No. 1 to establish the counter flow 
process . 
The non-vaporized geothermal fluid (the liquid) was injected back int'o the 
ground and the condensate was used for cooling water make up. 

at 3700F (187.6OC), 165 psia (11.2 atm); 

After each 

flowed 

During initial operation of the 4 stage flash/binary system distilled water 
would be the "working fluid." 

The vaporized distilled water would then be replaced with a hydrocarbon 
prior to turbine-generator installation. 

All of this planning and design was based upon preliminary testing and 
analysis which took place from 1973 through 1974. 

Initial system start-up on 3 May 1976 encountered problems with well flow 
and from that point on the 4 stage flash/binary system achieved a less than 
40% plant availability time. 

Problems: 
based; because of this a series of problems occurred, all of which are 
chemical in cause. 

The basic problem was poor chemical data on which the design was 

a. Scaling up of pipes, tanks, thermal wells, fluid extraction ports, 
valves and injection the wells 

Materials failures and degradation in the "working fluid" heat 
exchangers, injection pump bearings, and in the fluid system in 
general 

b. 

These prob€ems were so bad that the actual heat and mass balance for the 
plant could not be calculated because accurate data collection was impossible 
due to instrument failure. 

The injection of fluid though initially easy became very difficult. 
order to maintain liquid disposal injection pressures were raised and 
formation fractures were opened. The injection pressure was then dropped 
until these fractures were plugged, and then the process was repeated. 
This practice is not acceptable since fracturing of unknown direction has 
many potential catastrophes associated with it. 

In 

- 
Pipe plugging and valve inoperation was the cause of great concern at c times, plus it resulted in unstable system operation at certain times. 
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Fig. 2. GLEF process schematic four stage flash/Binary cycle. 



r 
276 

Along with the f l u i d  problems there were chemistry problems with the cooling 
water which caused corrosion of the s h e l l  and tube condensers. This problem 
however w a s  not unique t o  t h i s  sea reservoir  and therefore w a s  considered as 
of secondary importance. 

Because of these problems and the f a i l u r e  of i n i t i a l  solut ion t o  solve these 
problems a test program was established t o  a t tack  the scal ing and the 
materials problems. 

The f i r s t  i t e m  w a s  t o  ident i fy  the scale const i tuents  at  various points i n  
the plant t o  define the methods t o  be used i n  a systematic approach t o  
solving the problem. 

Also, material coupons and small pipe sect ions were placed i n  the system t o  
determine i f  the we of coatings or  d i f f e ren t  materials would reduce scal ing 
and/or corrosion. 

I .  

The scal ing analysis  showed the f ront  of the plant t o  contain a heavy metal 
su l f ide  (FeS and PbS) plus some metal oxides (Fe2O3 and FegO4) 
plus si l ica (Si02) and sodiumxhloride (NaC1). 
journey the scale w a s  predominately si l ica (Si02) and sodium chloride 
(NaC1). 

Three separate approaches were used i n  t rying t o  control/manage the scal ing 
problem . 

As the f l u i d  ended i ts  

(See Figures 3, 4, 5 d . 6 . )  

a. Mechanical cleaning 

b. Chemical approaches 

C. Re-design of the system 

(The alternate materials approach was an on-going test which was not t o  be 
incorporated in to  the operation due t o  many factors .  However, the data on 
the worth of the tes ted materials under these conditions is valuable t o  
fu ture  plant  design materials selection. 
test r e su l t s  .) 

Each of these approaches w a s  multi-faceted and w i l l  be handled separately. 

Mechanical Approaches 

This paper w i l l  not cover materials 

Hydroblasting & etching 

The hydroblasting of vessels  on a periodic basis  w a s  e f fec t ive  but cost ly .  
Hydroblasting is the use of a high pressure water stream which physically 
removes the scale. 

The in i t ia l  teqt w a s  not e f fec t ive  on the tough scale i n  the  1st and 2nd 
s tage steam separation vessels. 
scale the hydroblasting w a s  effect ive.  The expense of hydroblasting was 
high, and therefore the frequent use of t h i s  procedure w a s  not recommended. 

After acid and/or base etching of the 
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1 Date 5/23/77 51 23/ 77 5/23/77 

Below , Floor Venturi 
Fluid Level Debris On Outlet 

Location 

Thickness 0.3-0.5 ~m 0.2-0.5 cm 

redish-bro b l  black 
very hard black porous fa by 

particle 
conglomeration 

General Appearance 
Color 

w t x  wtx wtx 

25 025 24 020 22 055 Fe 

cu 0.18 0.30 0.21 

0.07 0.15 0 009 

1.53 1.07 1 078 

Zn 

Mn 

Pb 

Ca 

0.91 

1.50 

0.89 
t .  

8.25 
. .  5.60 

p .~ 
0.85 1.10 

- :  

1.64 Al 

si 

1.15 

16.65 

0.13 ~ 

16.65 ~ 

\ .  
0.08 

16 e 1 0  

1.60 Ba 

0.08 . 

0.78 

*ND 

0.97 

. I  

0.11 

2.50 

0.12 Mg 

Na 

a 3  

S as S' 

0.46 

*ND 

0.25 

*ND 
* ^  - 3  

1 .55 

*ND implies none detected 

i 
I 

Fig. 3 .  First stage separator scale. 

~ h d  



Date 

Location 

Thlckne s s 

General Appearance 
Color 

Fe  

cu 

Zn 

Mn 

Pb 

Ca 

Al 

si 

Ba 

Ms 
Na 

c03 

S 

5/23/77 

Floor 
Debris 

to 2.5 

porous 
grains built 
on central 
portion black 

wtx wtx 

25 -55 23 -85 

0.13 0.10 

0.14 0.22 

1-10 1 a23 

0.08 -52 

2.10 1.15 

0.85 . . . 0.75 

17.85 . 19 -20 

1 a04 0.81 

0.05 Od65 

3.25 1440 

*ND *ND 

0.4s 0.51 

*M) implies none detected . 

Fig. 4? Second stage separator scale.  . .  

5/23/77 L1 
Venturi 
On Outlet 

0.7 

hard 
black 

wtx 

21 -25 

0.50 

0.10 

2.37 

0.05 

1.15 

1.15 

19 -65 

0.42 

0 e43 

2.05 

*ND , 

0-23 
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Date 512317 5/23/77 

Well belo 
' , Fluid Leve 

Locat ion 

Thickness 0.5-1 cp1 

General Appearance porous ~ 

Color yet hard 

W t X  

Fe  16 065 

, , %  

Floor 
Debris " 

t o  2.cm 

porous 

- I  

wtx 

21 *60 

Venturi 
On Outlet 

1.5 cm 

hard 
multi-layered 
black, green 

wtx 

3.10 

cu 0.16 0 e41 

Zn 0.26 0.06 

Mn 1.07 0.36 

Pb 0.51 0.26 

ca 1.45 1.55 

Al 0.61 0.24 

si 

Ba 

Ms 
Na 

c03 

S 

*ND 
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I Date 5/27/77 
I 
1 

Location Flash Vessel 
Wall 

Thickness 0.5 cm 

General Appearance l i ght  
Color o l ive  so f t  

Fe  

cu 

Zn 

Mn 

Pb 

ca 

A l  

si 

wtx 

2.95 

0.21 

0.09 

0.24 

0.22 

0.85 

0.13 

31 080 

Ba 

Mg 

Na 

c03 

S 

5/27/77 5 /  271 77 

P-2 Suction P-2 
Inlet to  First casing 
Impeller 

0.6-1 

hard black so f t  
ochre film porous gray 

wtx wtx 

1.70 

19 080 

0.09 

0.25 

0.63 

0.55 

0.28 

28 70 

4.10 

0.26 

0.55 

*ND 

1.20 

0.60 

0.27 

0.26 

*ND 

0 040 

2.10 

0.24 

0.10 

0.30 

0.18 

0.40 

0.41 

38.75 

1.25 

0.47 

0.20 

*m 
0.77 

*ND implies none detected 

L 

Fig. 6. Fourth stage separator and injection pump scale. 
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(After the plant  re-design, however, the  scale was not as w e l l  attached t o  
the  metal surface and thus the need f o r  acid o r  base etching was eliminated.) 

In  conclusion, hydroblastin the most e f f ec t  thod of scale removal 
during scheduled maintenance down times. 

On Line Hydroblasting o r  Cavitation Cleaning 

This is a system where high pressure water is forced through a nozzle. 
water has air  bubbles which expand past  the nozzle; the bubbles burst  at  the  
surface of the scale s e t t i n g  up a shock wave and dislodge the scale from the  
surface on which it formed.. 

Cavitation cleaning was performed per iodical ly  while the  plant  w a s  operating 
t o  remove scale buildup. The procedure was t o  connect a high pressure water 
l i n e  t o  the nozzle connection ex ter ior  t o  the geothermal f l u i d  system and 
flow the  high pressure water thru the nozzle t o  perform the  cavi ta t ion  
cleaning . 
Three types of removals were t r i ed .  
second was on valve seats and the  th i rd  was i n  a thermal w e l l .  

The f i r s t  two tests were inconclusive as t o  r e s u l t s  due t o  technical  problems 
with the support equipment. Specif ical ly ,  the  water pressure required f o r  
adequate cleaning was not avai lable  due t o  l i g h t e r  than required hoses and 
connectors; before t h i s  could be corrected the F operation was  
terminated . 
The thermal w e l l  test had excel lent  resu l t s .  ,The thermal w e l l  was cleaned 
a t  7 day in te rva ls .  
each cleaning. 
showed d e f i n i t e  e f f e c t s  of cav i ta t ion  cleaning. 
cleaning points  and approximately 1 cm. th ick  in .o the r  areas of the  w e l l .  

In  conclusion, even though on-line cavi ta t ion  cleaning had marginal r e s u l t s  
it does have poten t ia l  for being an e f f ec t ive  scale removal process. ( I n  my 
opinion, cav i ta t ion  cleaning ef f ic iency  i s  a function of the distance of the 
nozzle from the  surface t o  be cleaned and the  water pressure applied. 
the  reported r e su l t s ,  as the distance increases the pressure t o  the nozzle 
increases  exponentially. 
equipment cos ts  t o  clean components where the  nozzles have long distances 
from t h e  nozzle t i p  to  the surface where the  scale is  formed.) 

The 

The f i r s t  was i n  a s t r a i g h t  pipe, t he  

The temperature instrument reading w a s  higher a f t e r  
Upon plant  shutdown, the  examination of the thermal w e l l  

The scale was gone a t  the  

In  

This pressure increase causes high support 

"Pigging" of l i n e s  f o r  Off Line Plant Cleaning 

The operation of "pigging" i s  the  forcing of a p ro jec t i l e  through a pipe i n  
order t o  scrape the s ides  of the pipe and remove the scale. 

The "pigging" process was successful when using a wire brush pig (See Fig. 7) 
against  moist silca scale deposits. However, when the s i l ica  scale d r i e s  and 
hardens the pigging operation is  not effect ive.  
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Fig.  7. T.D. Williamson w i r e  brush p i g  (used) .  

c, 



Fig. 8. GLEF two stage flash binary process flow diagram. 
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Chemical Scale Control 

Acidification of the fluid: Fluid acidification was successful but 
had many disadvantages. 

First, hydrochloric acid (HC1) was used to adjust the pH to 3 which is not 
economic. 
piping is severely reduced. 
utilized in the surface plant. 
and injection well was also not acceptable. 
solution was not considered any further. 

Second, at a pE of 3 the lifetime of the plant carbon steel 
Alternate very expensive materials must be 

For the above reasons this 
The reaction of the acid on the reservoir 

Chemical Additives 

Under a long and comprehensive program several chemical additives (over 65 
in all) were tested for silica scale control. The tests were conducted at 
different temperatures and at differing additive concentrations. 
details of these experiments and the experimental results are too numerous 
to mention here. 
reports by Lawrence Livermore National Lab. 

Conclusions reached from these experiments were that silica scale control 
could be achieved with certain chemical additives under certain conditions. 
Eowever, since all of the successful additives were not tested under all 
conditions (due to GLEF closure in Sept. 1979) it is difficult to totally 
assess the worthiness of a specific additive or group of additives. The 
question of the effects of these scale control additives on the injection 
well and reservoir were not investigated. 

The 

They are given in the GLEF final report and in several 

As a matter of information: one of the experiments late in the Program was 
to combine a successful silica scale control additive and a known carbonate 
scale control additive to determine if there were any problems with inter- 
ference of one scale control additive with the other or if there were any 
other detrimental affects by mixing these two additives. 
no difference in either additive's ability to function, and there were no 
other detrimental effects in mixing these two scale control additives. 

The results showed 

Chemical Leaching to Remove Scale 

Using standard minerology procedures additives were used to treat scale 
already in place. 

The results showed definite dissolving of scales almost directly as 
dnerology texts direct. 
the use of minerological additives to wash the system and leach the metals 
will loosen and dissolve the scale. 

Conclusion: 
built so that one system could be flushed with additives while the other 
loop operated. 
would appear that dual fluid process systems would make the idea uneconomic. -. 
However, if the metal recovery were to be profitable an entirely new economib 
picture would need study. 

These results indicate that after scale deposition 

Such a process would be successful if a dual fluid system was 

The economics of this process were.not investigated but it 
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Mechanical Re-Design 

This was accomplished to dec 
process areas and to decreas 
s ys t em . 
Rather than treating this under the scaling treatment section it will be 
covered under the next sections. 

e scale especially_,ip the lower temperature 
e complexity of a 4 stage flash/binary 

- -  
2 Stage Flash/Binary System 

In 1978 the plant was redesigned from the 4 ‘stage flash/binary system to 2, 
2 stage flash/binary systems (named train A and train B) 
400,000 gallmin flow each. 
scheme was kept intact. 

The first stage flash was at 3630 F (183.70 C) and a pressure of 
130 psia (8.84 atm), the second stage flash was at 2420 F (116.50 C) 
at a pressure of 20 psia (1.37 atm). 
system, the first was an atmospheric flash tank where the un-flash liquid 
constituent was brought to atmospheric pressure, 
clarif ier/sand f 

I prior to injectio 
I fluid treatment.) 

both capable of 
The steam separator, scrubber, heat exchanger 

(See Fig. 8) 

- 
There were two additions to the 

The second.additio 
et system for processing the unflushed liquid eff 

(The clarifier system will be discussed under injection 

The result of the re-design was a slight loss 
but a plant availablility factor of over 60%. 
20% in plant availability over the 4 

As stated before anothe 
installed was to reduce 
that effect. 
steam separator tanks by{making it more britt1 
blasting without etching as men? ned earlier. 

Second, it reduced the quantity scale in the 2nd stage 
transferred most of the (silica) scale to the atmospheric flash tank and 
dotmstream piping leading to the Clarifier 
scale made it much easier to manage than 
two stages of the 4 stage flash/binary system. 

Conclusion: The 2 stage flashlbinary syst 
able plant scheme for this type of high sa 
of reservoir. 

n efficiency . 
is was an increase of over 

tage flash/blnary system. 

ason why the 2 stage flash/binary system was 
aid in ,scale control. The new d 

First it reduced the tenacity of the scale i 

positioning of the 

INJECTION TREATMENT AND OPERATION 

As stated earlier liquid injection was at best troublesome and erratic. In 
order to keep the plant in operation waste liquid on occasion had to be 
stored while an injection well was overhauled so that it would again accept 

. fluid. 
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In investigating this problem it was found that silica was the cause of the 
problem . 

precipitation is a sluggish reaction. As the temperature declines 
for a silica laden solution the silica is slow to come to a saturation 
equilibrium and therefore appears as a super-saturated liquid for a period 
of time. 

In the injection process a silica laden solution has been dropped in temper- 
ature relatively quickly going through the plant system. 
precipitated, but the injection liquid is still super-saturated with silica. 
When the super-saturated liquid is injected and meets the reservoir face in 
the injection well the silica precipitates to achieve a saturated solution 
state. 
liquid and causes the rise in injection pressure. 

The solution to the problem was obvious. 

Silica has 

The silica precipitate blocks the reservoir pores from accepting 

Treat the injection liquid so that 
- silica saturation and not super saturation is present prior to injection. 

Detention and settling was the first idea tried but the resulting injection 
liquid was still super-saturated (although not to as great an extent) with 
silica and the settling tanks were difficult to keep clean on a continuous 
process basis . 
Flocculation with chemical additives was tried but the experimental- results 
showed that the best flocking agent was precipitated silica. 

In early 1978, the Magma Power Co. and the Envirotech Corps. began pilot 
experiments using a sewage sludge type reactor/clarifier to remove silica. 
The results were very successful bringing the suspended solids from 180 
p.p.m. (parts per million) to 100 p.p.m. 
dropped from 390 p.p.m. to 200 p.p.m. 
filtered through a dual media filter and an injection liquid of 4-10 p.p.m. 
and a suspended silica content of 192 p.p.m. was ready for injection. 

The silica in solution was also 
The clarifier effluent was then 

Based upon these results a system was designed using a reactor clarifier, a 
dual media sand filter, a thickener, a filter press and a holding tank for 
filter back wash. The construction was begun in late 1978, but the system 
was not started up until May 1979 due to several construction delays. 

The theory on why the clarifier system operates is as follows: 

Silica is a slow precipitator as mentioned before. 

Also, as found in the flocking tests, silica is its own best flocking agent 
because the precipitated silica provides nucleation sites for further silica 
precipitation. 

The reactor clarifier takes in account both of these phenomena by the use of 
3 concentric tubes within the clarifier/reactor tank (Fig. 10) . 
tube is the reactor where the precipitated silica is pulled up from the tank 

(Fig. 9) 

The center 
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Fig. 10. Reactor/clarifier. 
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d mixed with the new discharge l iquid.  The mixture then flows over 
the top'of the f i r s t  tube i n t o  the second tube where now the  react ion of the  
si l ica i n  so lu t ion  and the so l id  takes place. 
slowly settles t o  the  bottom. 
the so l id  si l ica on the bottom of the  tank to be used f o r  fu r the r  precipi- 
t a t ion .  The excess so l id  s i l i ca  is  extracted f o r  de-watering by a 
and prepared f o r  disposal 'by a f i l t e r  press. 

w 
Therprecipitated si l ica 

In  the th i rd  tube the l iqu id  rises leaving 

The other s y s t  
holding tank a 
f i l t e r  press a 

The l iqu id  i n  the  back wash holding tank is  re 
reactor  f o r  processing. 

As usual,  there  e problems i n  system start  up. The s t  was poor . 
instrumentation control ,  the  next was optimizing t h  i m e  the l i qu id  
spent i n  the react ion and c l a r i f i c a t i o n  zones to  assure complete react ion 
and adequate s e t t l i n g .  Upon res u t ion  of these problems the  c l a r i f i e r  

nenes such as the sand f i l t e r  and f i l t e r  back wash 
explanatory. Also the l iqu id  from the  thickener & 
d i n  the back wash holding tank. 

ed t o  the  c la i  

orked as designed. 

e next problem t o  arise was the iden t i f i ca t ion  of heavy metal oxides i n  
the in jec t ion  l iquid.  
allowing react ion with ' the metal ions not precipi ta ted before i n  the  system. 
The seal ing of a i r  intrusion t o  the feed back loop and c l a r i f i e r  remedied 
t h i s  problem. 

The e n t i r e  c l a r i f i e r  s 
t o t a l ed  less than 1000 
clean the in jec t ion  l iqu id  as preliminary experiments had indicated.  
€lowever, due t o  t h i s  shor 
capabi l i ty  of the system s t i l l  questionable. I f  the experiment had 
operated f o r  6 t o  9 months without problems then the c l a r i f i e r  system would 
be a proven e n t i t y ,  but because of t h i s  short  operation there is nothing 

The cause was a i r  leakage i n t o  the c l a r i f i e r  thus 

em operated from June ' 7 9  t o  Mid Sept. ' 7 9  and 
s. of operation. This system proved its a b i l i t y  t o  

perating t i m e  of the  system the  long term 

out  the system any confidence. 

After the Sept.  ' 7 9  s a r i f  i e r l i e a c t o  s t e m  was examined. 
There was no-scale of any type on any of the  system parts .  
w e a r  w a s  some corrosion on the i n t e r i o r  walls of the c l a r i f i e r  tank. This 
is e a s i l y  remedied by coating the vesse l  inside.  

As a matter of inf n,  a si l ica scale cont 
the operating clarifier system. .The r e s u l t s  showed the addi t ives  worked 
upstream of the c l a r i f i e r  and ye t  had no e f f e c t  on the  function of the  
c l a r i f i e r / r e a c t o r  

There are other in jec t ion  l iqu id  clean up schemes or  methods t o  circumvet 
the  s i l i c a  p rec ip i t a t  

The only apparent 

i t i v e  w a s  tes ted i n  

problem which were not t r i e d  a t  the  GLEF. 

One of these methods which was not t r i e d  was "hot injection". u 
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Hot in jec t ion  involves taking only a port ion of t he  ava i lab le  heat out of u 
the  produced f l u i d  and then in jec t ing  i t  i n  order t o  keep s i l ica  i n  solution. 

GUF did not t r y  t h i s  scheme f o r  two reasons. F i r s t ,  i t  did not appear 
reasonable t o  give away t h i s  heat which w a s  d i f f i c u l t  t o  get ;  and second, it 
appeared tha t  the  p rec ip i t a t e s  which appear a t  higher temperatures (heavy 
metal su l f ides )  would cause in j ec t ion  plugging if the  s i l ica  did not. 

Other f irms working with t h i s  reservoi r  have t r i e d  "hot inject ion" and have 
had in j ec t ion  w e l l  plugging problems f o r  the  reason mentioned above. 

The conclusion reached therefore  a t  the GLEF and by o ther  firms t ry ing  t o  
produce the Salton Sea reservoir  is t ha t  the  only method of cleaning l i q u i d  
f o r  i n j ec t ion  i n t o  t h i s  reservoir  is a reactor  c l a r i f i e r  sand f i l t e r  type 
system . 
There are ,at the present time, firms i n  the  process of expanding t h e  use of 
the  reactor  c l a r i f i e r  pr inciples  t o  apply i t  t o  f l a s h  vessels .  Also other  
firms are invest igat ing methods of accelerat ing c l a r i f i c a t i o n  by using new 
f loccula t ing  chemicals. 
system can be reduced. 
funded . 
A t  t h i s  point I would l i k e  t o  conclude t h i s  paper s ince a l l  of the  major 
items leading t o  the success of the GLEF have been discussed. 

CONCLUSION 

If  t h i s  is achieved t h e  c a p i t a l  cos t  of the  c l a r i f i e r  
Both of these experiments are on going and pr ivately '  

I n  summary, t he  following items have been accomplished by GLEF: 

a. The use of a 2 s tage  f lash/binary system is best  f o r  t h i s  reservoi r  
and others  of similar chemistry. Although it  is not as  thermody- 
namically e f f i c i e n t ,  i t  is  i n  operation 20% more of the  t i m e  than 
the  more thermally e f f i c i e n t  4 stage f lash/binary system. 

b. Off l i n e  cleaning can be accomplished within economic bounds by 
using hydroblasting or  chemical leaching with a dual f l u i d  system. 

On l i n e  cleaning and scale control  chemicals s t i l l  require  develop- 
ment before they are ready f o r  operat ional  use. 

c. 

d. In jec t ion  l i qu id  processing of a si l ica dominated reservoi r  is prac- 
t i c a l l y  and economically accomplished by using a c l a r i f i e r / s and  
f i l t e r  system. 

Based upon the GLEF work the Salton Sea reservoir  w i l l  give rise t o  a t  
least 170 MW of power i n  the  next seven years. 

This means tha t  high s a l i n i t y ,  high t o t a l  dissolved so l id s  si l ica dominated 
reservoi rs  can operate economically. 
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DESIGN AND CONSTRUCTION OF A PILOT PLANT 
W 

FOR UTILIZATION OF CESANO BRINE 

G.Allegrini and G, Nardini 

Introduction 

On the base of conclusions ob ined from a preceding study and experimental 

runs carried out on Cesano 3 well, a pilot plant has been designed and its 

assembly is foreseen to be acc present year. 

A brief description of two possible processes' for chemical and energetical 

exploitation of the resource is given. 

Afterwards the type of'flow of the bripe has been characterized (annular and 

dispersed flow) and consequently choice criteria for. separators have been 

given. 

An equipment flow diagram, includi regulation m d  control systems, is 

reported; choice criteria for ins 

cuggested. 

~. 

Geofluid characteristics 

For a better comprehension of the foll considerations, the chemical 

characteristics of Cesano 3 brine are gi 

As the ions present in the 

saline system can be consider 

KC1, Na2SO4, K SO 

system K , Na , C1-, SO4 

the path of different processes which can be proposed. 

The Janecke diagram at 7 5 W  is reported in Pig, 1. 

Point A represents initial composition of brine and number associates with 

L- 

K+, Cl-, SO4 , the 
iprocate salts : NaCl, 

e literature data for In such a w a y  it -- 2 4' + + , H20 and to utilise Janecke diagrams for studying 

cd each point gives "H 0 moles/Salt moles" ratio at saturation conditions. 
2 
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Table 3 

Chemical Characteristics of Cesano 3 brine 

Chemical constituents 

Calcium Ca++ 

Magnesium Mg ++ 

Sodium NEl+ 

Po tass ium K+ 

Lithium Li+ 

Iron Fe+++ +++ +Fe 

+ 
NH4 Ammon i um 

Rubidium Rb+ 

Mercury Hg 

Bicarbonate HC03 

Metaboric acid BO 
- 
2 - 

Chloride c1 

Sulfate 
so4 

Silicts SI02 

- 
F 

p.p.m. 

208 

27,3 

53 000 

64000 

3 65 

4.5 

90 

280 

0,0030 

2290 

4000 

20000 

3 40000 

3 3 3  

55 

Dissolved gases 

NH3 

Carbon dioxiae C02 

Ammon i a 

Hydrogen sulfide H S 
2 

H3B03 
Boric Acid 

Ces ium cs 

Arsenic As 

p*p.m. 

86 

Ass. . 

3 650 

+5800 

42 

493 

L 

I. 



293 

! 

0.4 8 . 0.2 

4 
3 
2 
1 

F i g .  1. Janecke diagram at 75OC. 
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In Table 2 data relative to considered Janecke diagram are given. Other data 

on the Na - K - SO4 - Cl system equilibria are given in literature (4-12). 

A qualitative tridimensional representation of the Janecke diagram at 75OC 

is given in Fig. 2; such representation was obtained from literature data, 

knowing the water content present in the saturated solution along the 

diagram borders and in a few characteristic points inside the diagram. This. 

representation gives a good help t o  the comprehension of concentration and 

crystallisation processes. 

The physical characterisation of the Cesano 3 brine is given by the 

following data 

Wellhead temperature J 8 5 O C  

I1 pressure 125 bar 

Overall mass rate 27 Kg/sec. 

Vapor nass rate 0,53 

Overall mass rate 

These conditions can be assumed as input conditions for designipg the 

process apparatus. 

Choice of the process 

Use of Cesaqo I,brine, whose chemical composition has previously been given, 

for eiectrical and/or non electrical applications leads to production of 

large quantities of waste water and consequently injection problems in deep 

wel ls  arise. 

As a large quantity of salts crystal l izes  after cooljng due to brine 

energetical exploitation, addition of fresh water shall have to be provided. 

h process which allows a salts recovery together with a reduction of waste 

vater 

Many alternative processes for salts recovery have been considered (13-341, 

should offer many advantages for integral use of this resource. 



I 
H 0 moles 
2 r f f  

Salt moles 
lNa2 

Na C1 K C1 NaCl KC1 Na2S04 K2SOq 2 2 2 2  
Na SO 

2 4  

0,178 

0.704 

0,429 

35.31 0.822 

32.31 0.29E 

38.43 

27.84 7.38 0.822 0.178 

0.704 

1 

1 

3 

0.571 

0.83( 

0.961 

0.861 

0.66: 

0.321 

0,170 

0.036 

28.27 

16.39 

3 5.42 1 

39.33 1 

19.65 1 

Table 2 

Data relative to Janecke diagram a t  75OC 

grams for 300 grams Molar ' Ratio 

of saturated solution I 

1 

1 

0.429 

0.170 

0.036 Ka+K 

3 t N+Na 0.139 

0.337 

0.676 

3K2S04 . N=Na SO K t K  SO NatNaCl; KaxKC1; G=Na SO 
2 4' 2 4 '  2 4  
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J 

Fig. 2. . Tridimensional representation of Janecke 'diagram at 75OC. 
- 
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, but a f e w  of these were no t  compatible wi th  energe t ica l  use of the brine.  w 
The two token i n t o  consideration for practical appl icat ion are shown in 

Figures 3 end 4. Tho flow d 

whether the boric acid recovery were economically convenient. . 

The br ine  (stream 3 ) 

to  a turbine while  l iqu id  to a low pressure separator: the steam r i s i n g  up 

from t h i s  second separator  is fed to  an intermediate sec t ion  of turbine,  

l iqu id  is than passed1to a crystallizer f o r  obtaining glaserite (Na'SO 2 4  . 3 
K S ) Mother l iquors  coming o u t  of centrifuge are pumped to a countercurrent 

double effect which performs as a crys ta l l izer .  From these two stages mixed 

c rys t a i s  are obtained: glaserite and Naps$ born the  first one and 

glaserite, Na C 1  and Na SO4 from the second one. In .Table 3 a material 

balance for each stream i s  given as a r e s u l t  of detailed calculat ions 

referred i n  (1 5 )  

The 37th stream contains theore t ica l ly  a so lu t ion  of H3B03 f r o m  which it is 

possible t o  t r y  a recovery. But this process is too complicated for a first 

t r i a l  p i l o t  p l an t  and the  opportunity of H 3 3  BO recovery must be carefu l ly  

evaluated. 

The flow diagram of ,the second process, t h a t  assumed f o r  the p i l o t  p l a n t  

2 4  

2 

of t h e  preceding one, m u s t  be utilized when boric  acid recovery is not  

econbnically convenient . Mother l iquors  after &ys ta l l i za t ion  of glaserite 

are pumpad to re in jec t ion  

Pilot plant targets 

Design, construct ion and performance 

3 )  execution of long term runs with s u f f i c i  

t p lan t  are aimed a t  

low rate i n  order t o  allow ti 

cor rec t  resource evaluation. 
on of design thods of appa ont ro l  and sampling 

. .  sys terns. 

3) Evaluation,of quant i ty  of steam,produced by flash and its characteristics 
w 
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I. 

stream 

polluted 19 
condensate 

18 pure 
Condensate 

NeCl 

Fig. 3. Flow diagram for energeticaf exploitation of the resource 
coupled with salts recovery. 

lSOOC 
12 Kglenq 

Fig. 4. Flow diagram for energetical exploitation of . coupled with partial salts recovery. 
the resource - 

c, 
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or-Fig. 3 flow diagram. W 
- 
Press. 

2 
K d c m  

12 
- 

I STEAM 1 CAS . 1 TOTAL so; H3B03 I H2° 

12 

12 29,J 5(s 180 

125 

125 29,35(s 

6 75 

7 75 

8 .  75 

9 75 

10 90 

31 * 90 

12 90 

13 75 

34 78 

15 165, 

16 105 

1 

14,10(c 

1 5,04( s 

7,68(a 

0,66 . .  

7,16(c 

0,52(s 

7,36(a 

7.86(a 

17 I I05 
.* 
(c) crystals 
(8) solution 
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4)  Poss ib i l i ty  of evaluating a he l i ca l  screw expander performance. 

5 )  Estimate of corrosion, erosion and scale problems. 

6)  Determination of the  chemical consistency of resource i n  order  t o  produce 

glaserite as chemical fertilizer. 

7 )  Study of exhaust br ines  by deep w e l l  re inject ion.  

8 )  I n  a second time, if  of i n t e r e s t ,  can be examined the p o s s i b i l i t y  of heat 

recovery wi th  new type heat  exchangers. 
, i" f I- , ,-. .",- 7 f ~ 

-- Choice of operative conditions 

The choice of operative conditions must be made considering 

1 )  TemperatGe, pressure and flow r a t e s  of the  b r ine  a t  wellhead: 

2)  Well characteristic curve; 

, %  

3) Presence of CO i n  the br ine;  

4) CaCO deposit ion due to CO'  s t r ipp ing ,  caused by pressure reduction while 
2 

3 2 
br ine  is r i s i n g  up; 

5) Solubi l i ty  of glaserite and o ther  salts  a t  d i f f e ren t  temperature. 

From examination of  characteristic curve an overa l l  mass rate of about 300 

t / h  has been chosen because performance of w e l l  around this value of mass 

rate should be stable enough. Primary separator  works a t  a pressure as close 

as possible  t o  t h a t  of wellhead; consequently its operat ive conditions are 

approximatively p = 32 b a r ,  t = 38OOC.  Xn t h i s  apparatus carbon dioxide 

sa tura ted  with steam is separated from the  brine.  T h i s  p a r t  of t h e  p l an t ,  

including first separator, is subjected to  calcium carbonate scal ing.  

Secondary separator  works a t  a pressure of 2,2 bar and temperature of 125OC; 

a t  these conditions c rys t a l l i za t ion  of glaserite or other  sal ts  does not 

occur because the so lu t ion  is under the sa tura t ion  conditions i n  respect of 

these s a l t s .  

-. Crystall izat5on of g l a s e r i t e  is expected to  o c c u r  j u s t  i n  the  c r y s t a l l i z e r  

whose operat ive conditions are 0,3C bar and 75OC.  Lj 
Under these conditions, according w i t h  Janecke diagram and a few preliminary 
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, I  w data  obtained ief erogation run, pract l l y  pure glaserite is 

obtained. 

Material balances r e l a t i n g  t o  t h e  process are s&rized in Table 4. 

Choice of the  separators 
2 .  

Liquid-vapor separators  can be roughly classified i n  three types l i s t e d  

below: 

- gravi ta t iona l  separators  
> .  - cent r i fuga l  separators 

- i n e r t i a l  separators  

The choice among these ones depends on the type of two phase flow and on t he  

characteristics of the  en d l iquid.  A method based on t h e  use’ of 

Baker’s  parameters has been used f o r  a quick lua t ion  of the  flow region. 

In  Fig. 5 Baker’s diagram is given; the obtained r e s u l t s  with o w  input 
3 ”  

data are summarized i n  Table 5. The operating f i e l d  is therefore located on 

the border betweek annular and dispersed flow region. 

The type of flow suggests the choice of cyclone separators. As the input  

ciliate, t h e  bottom hold-up of the  separator must be 

.~ 

, 1 .- 

Euf f i c i en t l  e r  t o  prevent sible flooding of the  apparatus. 

Small diameter drops are undoubtedly entrained by the r i s i n g  up steam and 
i 

) I f  

fzas and therefore it needs &I wash such stream by fresh water; moreover a 

is pu p of the separator  removing the smallest drop 

still present  i n  the s tem before its enter ing i n t o  8 turbine. Details of 

a ra to r s  design ven i n  (35); the schemes 

* I 

Figs. 6 and 7. 

Choice of c r y s t r a l l i z e r  

For ob ta in i  crystals of same s i z e  a Kristal-Oslo c r y s t a l l i z e r  has been 
W 

I -  



302 

Table 4: Material balance for F i g .  4 flow diagram (tonn/h) 

Stream ~ Liquid Gas Total Steam 

I 188,9 

- 
200.0 

3 3  ,I 

I 1  ,I- 

388,9 

35.7 

173.2 

3 ,o. 

'3 88,9 

15.7 - - 
373,2 

33,7 

363,5 

27'4 

361,5 

9 

10 

1 3  

32 

394 

2000 

2000 

27,4 

2000 

2000 

27,4 

Table 5 

~ 

Flow Bx 

50 

50 

200 

3 25 

90 

3 3600 

20500 

. 31000 

annular 

annular 

50 dispersed 



303 

-
3

 
I

.
 

W
 

0
 

4
 

PI 
2 W

 
0
 

PI 

€6 in
 

M
 
4
 

Frc . 



6 
C 

8 
0 
n 

304 

1 

Sez. A - A 

- B  

Scale 1:20 I 

Fig. 6. Primary separator. 
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W 1 

Sez . A - A  

I 

F ig .  7. Secondary separator. 
' U  
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chosen. Its scheme is given i n  Fig. 8; i n  t h e  upper zone evaporation occurs 

toge ther  with supersaturation and primary nuc lea t ion  while i n  t h e  lower 

zone i t  has  growing and. c l a s s i f i c a t i o n  of c r y s t a l s  and secondary nuc lea t ion .  

The designing hypothesis are 

1) G r i f f i t h  number equal t o  that used for K SO c r y s t a l l i z a t i o n  (P/V = 30 
2 4  

3 
Kg/hm ; P = produced c r y s t a l s  for- hour; V = Volume of c r y s t a l l i z e r ) .  

2) Feed flow rate of  5000 Kg/h (only a por t ion  of t h e  concentrated br ine  

discharged from secondary sepa ra to r ) .  

3) Temperature of c r y s t a l l i z a t i o n  7 5 O C .  

The cons t ruc t ion  o f  t h e  c r y s t a l l i z e r  is a t  p resen t  suspended and the  runs  

w i l l  be ca r r i ed  o u t  using the two separa tors  only. 

Equipment flow s h e e t  and choice of t h e  con t ro l  system and r e g u l a t i o n  va lves  

A s impl i f i ed  equipment flow s h e e t  is shown i n  Fig. 9. To reduce t roubles  

with calcium carbonate scales i n  w e l l  casing, it w i l l  be t r i e d  to introduce 

below t h e  vaporating l e v e l  an i nh ib i to r .  For t h i o  purpose t h e  a d d i t i v e  is 

previously diluted with water and i n j e c t e d  by a metering pump i n t o  t h e  w e l l  

through an a r t i c u l a t e d  P.T.F.E. steel l i ned  pipe. The b r i n e  coming o u t  of 

t h e  wellhead can be f e d  to a primary sepa ra to r  (SI o r  52) or  t o  a total  flow 

t u r b j  ne (H .S. E. , h e l i c a l  screw expander) ; dur ing  s ta r t -up  or blow-down 

opera t ions  the  b r ine  is discharged i n t o  a large tank. For t h e  first s t age  cf 

sepa ra t ion  two a l t e r n a t i v e l y  working sepa ra to r s  are provided because heavy 

male problems arise a t  t h i s  s t ep .  

Liquid &awn o u t  from the  bottom of sepa ra to r s  can be mixed with steam 

flowing up from t h e  top and the two phase f l u i d  so produced is fed  to H.S.E. 

Such 8 way makes it poss ib l e  t o  measure the feed t o  H.S.E. and to vary t h e  

r a t i o  steam/liquid i n  it. Al te rna t ive ly  t h e  bottom l i q u i d  can be f e d  to t h e  

secondary seps ra to r  and steam condensed i n  a d i rec t -  c o n t a c t  condenser, o r  

d i r e c t l y  discharged i n t o  t h e  large tank. On t h e  primary sepa ra to r s  t h e  --- 
id 
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Fig. 8. Crystallizer. 
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venting system of the  steam is controlled by t h e  overa l l  flow rate of the  

r i s i n g  up steam. Such a choice has been made taking i n t o  account the w e l l  

c h a r a c t e r i s t i c  curve which, i n  the adopted operative conditions,  is f la t .  In  

t h i s  case the c l a s s i c a l  venting controlled by pressure do s not assure a 

constant  flow rate. 

Liquid l eve l  i n  SJ and S2 is automatically control led discharging p a r t  of 

the  br ine  i n t o  the  tank; t h i s  amount is t le  i n  comparison with the main 

quant i ty  which is fed t o  the successive. 

A s  calcium carbonate scale w i l l  clog frequently the  regulat ion valves, these 

have been chosen of self cleaning type two un i t s  put i n  p a r a l l e l  and 

working a l t e rna t ive ly  have been provided. 

The l eve l  control  of S3 separator is accomplished by a regulat ion valve put 

an the  bottom o u t l e t  the pressure is control led by a valve put on the 

venting pipe. 

As' surely glaserite and o t h e r  sal ts  crys'ta ise  on the  f l o o r  of the  tank, 

t h i s  is connected by f i v e  pipes,  placed a t  d i f fe ren t  l eve l s  from the  floor, 

with an externa l  vessel;  re in jec t ion  pu connected wi th  t h i s  one, where 

dilution water is a1 

For pressure and temperature measurements there  are not pa r t i cu la r  problems 

and normal instrumentation has been provided: the same f o r  the choice of 

calibrated o r i f i c e s  i n  vapour f l o w  measurement. On the  contrary these 

instruments cannot be used f o r  measurem flow rate of boi l ing  brines as  

they give large errors due to vaporizat nside the o r i f i c e ;  i n  t h i s  case 

magnetic inductive flowmeters with remov electrodes have been chosen. 

The metering tube  is made by P. 

For l eve l  measurements a buoy ument has been chosen; it has 

provided a continuous washing ere the f l o a t i n g  element is 

placed. 

A complete system of washing 'is provided i n  order t o  maintain as clean as 

possible  pipes,  valves,  instruments, nozzles, etc. 

W 

9 
I 

I 

t up t o  18OoC and 40 bar. 
' 

W 
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V 

HIGH SALINITY GEOTHERMAL ENERGY CONVERSION BASED UPON THE 
OPERATING EXPERIENCE AT THE SAN DIEGO GAS & ELECTRIC-DOE 
GEOTHERMAL LOOP EXPERIMENTAL FACILITY LOCATED AT THE NILAND 
RESERVOIR, IMPERIAL VALLEY, CALIFORNIA, U.S.A. 

Presented By George Anastas 

Research at the Geothermal Loop Experimental Facility (GLEF), 
co-funded by San Diego Gas & Electric (SDG&E) and the U.S. 
Department of Energy (DOE), was. successfully concluded in 
September of 1979. In 13,000 hours of operation during a 
three and one-half year period, the nominal 10 megawatt 
electrical-equivalent GLEF provided engineers and researchers 
from SDG&E, national laboratories, government agencies and 
industry the opportunity to identify problems in working 
with highly saline geothermal fluids and to develop solutions 
that could be applied to a commercial geothermal power plant 
producing electricity. 

Figure 1 shows the location of the site of the GLEF in 
relation to the other geothermal anomolies in the Imperial 
Valley. Figure 2 sets forth, in a concise fashion, the 
history of the GLEF. 

The Niland Reservoir, which supplied fluid to the facility, 
has a high total dissolved solids (TDS) content of about two 
hundred fifty thousand (250,000) parts per million (ppm), 
but has a high downhole temperature between 500-600'F. 

Figure 3 shows the constituents of the solids in the brine. 
Note that the silica content is approximately 200 ppm and 
that the chloride concentration is well over 100,000 ppm. 
Figure 4 shows a generalized range of non-condensable gas 
content the brine that was used at the facility. 

During the period 1976-1977, the facility was operated in a 
four-stage, flash binary cycle operation. The Final Report 
of the Geothermal Loop Experimental Facility discusses the 
operation of the facility in this manner. However, in 1978- 
1979, the facility was operated in a two-stage flash cycle 

- e  

tul 
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configuration is shown in Figure 5. Figure 6 is an aerial 
photograph of the facility at the time the effluent brine 
clarifier filter was being constructed. 

One of the largest obstacles to constructing a power plant 
at the Niland Reservoir is related to the reservoir brine. 
The solids that precipitate from the brine upon cooling not 
only form scale in the brine piping, but most of the solids 
are carried through the plant and are injected into the 
reservoir. This causes the reinjection capability of the 
wells to decline. 

In February, 1978, Imperial Magma and Lawrence Livermore 
Laboratory began conducting a separate series of tests of 
equipment to remove suspended solids efficiently from the 
effluent brine prior to injection. One of the problems that 
had to be overcame was the relatively slow evolution rate 
of the silica in solution in the brine. This dissolved 
silica precipitated so slowly that quick removal of suspended 
solids from the effluent brine was not sufficient to pre- 
clude the brine from containing a degree of silica supersatu- 
ration. This silica tended to precipitate in the injection 
well or in the reservoir itself, causing potentially 
irreparable damage to the well or the reservoir. 

The process that was decided upon and extensively tested by 
Imperial Magma (with the cooperation of the Envirotech 
Corporation) is similar to that used in water and sewage 
treatment industries. To verify the pilot test on a larger 
scale, the decision was made in mid-1978 to build a full- * 

scale treatment facility at the GLEF, based on this process. 
The system consists of a reactor clarifier (Figure 71, media 
sand filter (Figure 8) and thickener (Figure 9). The period 
of operation of the clarifier/filter system was limited to 
less than 1000 hours, prior to project termination. Figures 10 
and 11 are schematic representations of the operation of the 
clarifier filter system. Important conclusions derived from 
the GLEF Project are summarized as follows: 

o Supersaturation of silica in the effluent brine 
can be quickly removed by a reactor/clarifier. 

e Most of the resulting suspended solids can be 
removed by settling/filtering. 

Oxygen must be carefully excluded in order to 
prevent further reaction and generation of 
suspended solids. 

via the filter press, is readily transportable. 

(b 

0 Solid waste, predominantly silica, separated 

6i 

-2- 
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W 0 The clari tion process i 
stable.. 

Q Injection capability of the 
appears feasible if atmosph 
excluded from e process. 

Reservoir injection capability and production 
evaluations were accomplished and the reservoir 
appears to be capable 

No induced subsidence was detected. 

Steam of acceptable quality, with further 
treatment, can be produced (See Figures 12 and 13). 

supporting commercial 
power production. *- 

. I  

SALTON SEA 

N 

I 

” BRAWLEY ’ ANOMALY 

EAST MESA 

HEBER ANOMALY 

---- 

Fig. 1. Location o f  Imperial Valley geothermal reservoirs. 
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1972 WELL FLOW TESTS GLEF CONSTRUCTION & MODIFICATION TO TWO STAGE 
BY MAGMAJNARCO START UP FLASH CYCLE 

HIGH AMBIENT TEMPERATURES 
AN0 HIGH WATER TABLE 
HAMPERED CONSTRUCTION 

WATER IN THE BINARY LOOP 

GLEF MODIFIED TO STIMULATE BRINE HANDLING 

EXISTING EOUIPMENT UTILIZED WHERE POSSIBLE 

0 PURPOSE TO DETERMINE. 
- FLOW CHARACTERISTICS PORTIONS OF TWO STAGE FLASH CYCLE 

TO SAVE MONEV 
-TEMPERATURE STABILITY 

START - UP WAS CONDUCTED USING 
-MINERALCONTENT 

CONCLUSIONS INSTEAD OF ISOBUTANE 

- FLUID CHARACTERIZED 
- RESERVOIR APPEARED CAPAELE 

OF SUPPORTING DEVELOPMENT 

DEVELOP ENERGY CONVERSION CYCLE 

DUE TO BRINE HANDLING PROBLEMS 
ENCOUNTERED, BINARY LOOP 
REMAINED CHARGED WITH WATER (TWO STAGE FLASH CYCLE) 

1978 - 1979 GLEF TEST PROGRAM 
DEVELOPED FROM RISKS IDEN- 

MISCELLANEOUS TESTING CON- 
TIFIED lh THE FEASIBILITY STUDY 

DUCTED IN AREAS OUTSIDE THE 
SCOPE OF THE TEST PROGRAM 

0 STUOY PERFORMED ON METHODS 
OF CONTROLLING BRINE FLOW 
SURGES 

GLEF OPERATION 
(FOUR STAGE FLASHIBINARY) 

1976 - 1977 GLEF TEST PROGRAM DEVELOPED TO 
PROVIDE INFORMATION FOR DESIGN AND OPERATION 
OF POWER PLANT 

PROGRAM: 
OPERATIONAL PROBLEMS THAT HAMPERED TEST 

-TEST FACILITY REOUIRED TO 

GLEF DESIGN 
HEAT EXCHANGER TESTING IN 1973 SHOWED SEVERE 
TUBE FOULING OCCURRED WHEN LlOUlD BRINE IS COOLED 

0 

0 

STEAM SEPARATOR AND HEAT EXCHANGER TESTING IN  
1974 SHOWED STEAM COULD BE PRODUCED AND ITS HEAT 
TRANSFERRED TO A SECOND FLUID WITHOUT SIGNIFICANT 
TUBE FOULING 
ABOVETEST LEDTO DEVELOPMENTOF4 STAGE FLASH/ 
BINARY CYCLE WITH ISOBUTANE IN BINARY LOOP 

- UNSTABLE CONTROL OF PROCESS 
-INSTRUMENTATION FAILURE 

CLARlFlER/FlLTER INSTALLATION 
0 SYSTEM INSTALLED TO TREAT 

0 EFFECTIVELY ELIMINATED SCALE 
FORMING TENDENCY OF INJEC- 
TlON BRINE AND REMOVED SUS- 
PENDED SOLIDS 

MUCH DESIGN IN 

1976 - 1977 GLEF TEST PROGRAM TERMINATED AND 
A FEASIBILITY STUOY STARTED TO REASSESS 
OBSTACLES TO COMMERCIAL DEVELOPMENT AND 
THE ENERGY CONVERSION CYCLE 

ENTIRE GLEF BRINE FLOW 

FEASIBILITY STUDY CONCLUDED THAT A TWO 

THIS RESERVOIR AND IDENTIFIED RISKS OF 
COMMERCIAL DEVELOPMENT 

STAGE FLASH CYCLE WOULD BE BEST AT 0 FULL - SCALE SYSTEM YIELDED 

OPERATloN PILOTCLARIFIER & 
lNJECTloN WELL 

EXPERIENCED CONDUCTED BY IMPERIAL MAGMA 
METHODS OF REMOVING IN COOPERATION WITH VENDORS 
SUSPENDED SOLIDS PRIOR REACTOR CLARIFIER, DUAL MEDIA 

GRAVITY FILTER, AND FILTER TO INJECTION STUDIED 
SEVERAL TECHNIQUES TRIED, PRESSCHOSEN FORTREATMENT 
CLARIFIEWFILTER SYSTEM SYSTEM 
FAVOR ED 

0 SERIES OF PILOT SCALE TESTS 

I I 1973 I 1974 I 1975 I 1976 I 1977 I 1978 I 1979 1972 I 
Fig. 2. GLEF history. 
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k, ELEMENT H LOW AVERAGE 

CI 146,000 94,000 1 21,000 
Na 54,600 29,600 42,700 
Ca 28,300 16,700 22,900 
K 14,100 5,830 10,200 

Mn 903 498 71 a 
Sr 472 292 382 

Zn 313 172 256 
Si 236 152 204 
Ba 195 79 142 
Li 197 122 162 
Fe 320 152 236 
Mg 116 67 a7 
Pb 68 24 49 

Note: All measurements are ppm 

El emental range for general i zed brine. 
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RAKE DRIVE/ 
MECHANISM- 

DISCHARGE ' 
CONE 

320 

' RAKE 

F ig .  9. V-22 Thickener. 
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W 

CLARIFIER INFLUENT 

Brine at 220°F 
180 ppm ss 
390 ppm silica 
in solution 
5.4 pH 

+. CLA RlFlER EFFLUENT TO INJECTION 

Brine at 210°F 
4-10 ppm ss 
192 ppm Silica in solution 
5.0 pH 

Sludge at 190°F + 

NLTf  R PRESS 
CAKE 

65% ss by weight 
400 Ibs (dry weight) 
per million Ibs. of 
brine 

10-206 ss by weight 

Fig. 10. Clarifier/filter system operation. 

BRINE 
TO 
INJECTION 
WELLS 

kL.-,L STEAM AND VENT GAS 4 
ILUDGE CAKE 
IO DISPOSAL 

Fig. 11. GLEF process flow diagram. 



Steam entering 1 st 
stage scrubber 

Steam leaving 1st 
stage scrubber 

Steam entering 2nd 
stage scrubber 

Steam leaving 2nd 
stage scrubber 

Combined Condensate 

CI - 
37.1 

17.2 

342 

131 

89.5 

322 

Na+ 

7.5 

1.8 

171 

51.7 

22.0 

Ca++ 

3.4 

0.6 

63.6 

21.5 

10.0 

K+ 

1.3 

0.4 

32.7 

12.0 

5.1 

0.1 

0.1 

3.4 

0.4 

0.2 

Si 

*ND 

*N D 

1.5 

0.1 

*ND 

*ND implies none detected 

Fig. 12. Average ionic concentrations (pprn) in the steam 
for Magmamax No. 1 f 1 uid (Nov .197&-Dec. 1978). 

Steam entering 1st 
stage scrubber 

Steam leaving 1st 
stage scrubber 

Steam entering .2nd 
stage scrubber 

Steam leaving 2nd 
stage scrubber 

Combined Condensate 

CI- 

60.8 

17.7 

408 

447 

225 

Na+ 

18.7 

1.5 

160 

136 

'78.2 

Ca++ 

9.3 

0.3 

61.1 

67.3 

30.0 

K+ 

4.7 

*ND 

20.7 

25.7 

14.0- 

0.7 

0.1 

0.5 

0.9 

0.7 

Si 

*N D 

*ND 

2.5 

*ND 

*N D 

*ND implies none detected 

Fig. 13. Average ionic concentrations (ppm) in the 
for the Woolsey No. 1 fluid (Jan.1979-Mar.1979). 

steam 



323 

COOPERATIVE RESEARCH AND DEVELOPMENT I N  GEOTHERMAL ENERGY 
brl 

R. Ca ta ld i  

ENEL, P i sa ,  I t a l y  

P. Wither spoon 

Lawrence Berkeley Laboratory 

Berkeley, Ca l i fo rn ia ,  USA 

1. FOREWORD 

During the  l a s t  few days we have heard t h a t  the  DOE/ENEL Agreement 

on Cooperative Research and Development i n  Geothermal Energy, signed 

i n  June 1975, encouraged the  implementation of j o i n t  a c t i v i t y  i n  f i v e  

pro jec ts .  One of these  pro jec ts  dea ls  with the var ious aspects  of 
'RESOURCE ASSESSMENT AND RESERVOIR PHYSICS AND ENGINEERING' and i s  

r e fe r r ed  t o  as P ro jec t  DOE/3. 

2. OBJECTIVES 

The general  ob jec t ive  of P ro jec t  3,  as defined i n  the  DOE-ENEL 

Agreement, is t o  "seek procedures f o r  optimizing the  techniques 

required i n  the  resources  assessment and r e se rvo i r  engineering of 

geothermal systems." However, wheq drawing up the  Program Outl ine f o r  

P ro jec t  3 it was decided t h a t ,  i n  view of the  m u l t i p l i c i t y  and v a r i e t y  

of problems t h a t  might a r i s e ,  and t o  s implify the  opera t ive  s ide ,  t he  

a c t i v i t y  of the  Pro jec t  should be divided i n t o  three  separa te  a reas  

(2 )  r e se rvo i r  physics and engineer in  

(3 )  r e se rvo i r  modelling 

2.1 
es the  s p e c i f i c  tasks  

r e l a t i v e  t o  explora t ion  methodology problems, (geological  geophysical 
td 
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and geochemical), as well  as the  problems involved i n  evaluat ing the  

regional  and loca l  geothermal po ten t i a l .  

With regard t o  the  l a t t e r ,  i n  p a r t i c u l a r ,  the  objec t ive  was t o  

develop the  methodological approach of an "a p r i o r i "  es t imat ion of  

geothermal energy, a t  the  same t i m e  at tempting a general  c l a s s i f i c a -  

t i o n  of geothermal p o t e n t i a l  i n  terms of "resources" and "reserves ." 
2.2 

The second area cons i s t s  of the  study of the  problems connected 

with def in ing  the  physical p roper t ies  of the  geothermal r e se rvo i r s .  

The main ob jec t ive  i n  t h i s  case was t o  develop appropriate  processing 

techniques f o r  the  physical  and thermodynamic da ta  from the  w e l l s .  

S t a r t i n g  with the  methods t r i e d  and t e s t ed  i n  t h e . o i l  industry,  t he  

a h  was  t o  extend these to  geothermal research i n  general  and t o  the  

long-term forecas t ing  of the  behaviour of productive wel ls  i n  

p a r t i c u l a r .  

2.3 

The t h i r d  area of  research consis ted of the  inves t iga t ion  of 

geothermal systems by means of  physical  and mathematical models, 

d i rec ted  a t  developing a re ference  base f o r  a b e t t e r  understanding of 

the  nature  and behaviour of these same systems. The model approach, 

besides  represent ing  a generalized means of studying exploi ted 

geothermal systems, was a l s o  regarded a s  a usefu l  t o o l  f o r  def in ing  

the  na tu ra l  physical  parameters of these systems i n  t h e i r  p re -d r i l l i ng  

undisturbed condi t ions.  In  other  words, one of the objec t ives  of t h i s  

area of research of Pro jec t  3 w a s  t o  model na tu ra l  geothermal systems 

with a view t o  understanding how they can form and p e r s i s t  wi th in  the  

e a r t h  s crus t . 
3. TASK OF PROJECT 3 

With these objec t ives  i n  mind, the  following 12  s p e c i f i c  technica l  

t a sks  (shown i n  Table 1) were devised f o r  the  th ree  a reas  of  research.  

Most of them have, by the  way, already'been completed. 
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Table 1. TASKS COMPLETED OR I N  PROGRESS UNDER PROJECT 3 

A) "RESOURCE ASSESSMENT AND EXPLORATION METHODOLOGY" 

* /DEA-3/1 Methods f o r  regional  assessment of geothermal resources.  
Assessment of geothermal po ten t i a l  of Central  and 
South e r n  Tus c any 

t /DEA-3/€1 Helium prospecting i n  geothermal areas .  

B) "RESERVOIR PHYSICS AND ENGINEERING" 

* /DEA-3/3. Analysis of r e se rv  u r e  and dec l ine  curves i n  

* /DEA-3/4 Well-testing i n  Travale-Radicondoli geothermal f i e l d .  
* /DEA-3/5 Thermodynamic study of Bagnore f i e l d .  
t /DEA-3/9 
t /DEA-3/10 Reservoir engineering s t u d i e s  of the  Travale- 

5 /DEA-3/15 Study of water i n f lux  an a r i a t i o n  of f l u i d  composition 

Serrazzano -zone. 

A deple t ion  model of the  Gabbro zone - North Larderel lo .  

Radicondoli Reservoir.  

in the  Bagnore . f i e l d .  

C) "RESERVOIR MODELLING" 

t /DEA-3/5 Study of e f f e c t s  of r e - in j ec t ion  with a mathematical 

t /DEA-3/7 Modelling vapor-dominat geothermal r e se rvo i r s .  
5 /DEA-3/12 Numerical i nves t iga t ion  of geothermal production and 

model. 

i n j e c t i o n  of f l u i d s .  

* Presented a t  the  1s t DOE-ENEL Workshop (Lardere l lo ,  September 

. t Presented a t  the  2nd DOE-ENEL-Workshop (Berkeley, October 1980). 

5 Preliminary r e s u l t s .  
1 :  
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The f i r s t  DOE-ENEL Workshop represented another non-technical 

The f i n a l  r e s u l t s  of the  tasks  ind ica ted  by an a s t e r i s k  i n  task.  

Table 1 were presented and discussed during the  f i r s t  Workshop, he ld  

i n  Larderel lo  i n  September 1977 and are now published i n  a spec ia l  

i s sue  of the  journal  Geothermics. 

The r e s u l t s  of the  o ther  tasks  ( ind ica ted  by a dagger i n  the  

Table) a r e  de t a i l ed  i n  the  following pages (Pro jec t  3 ) .  

4. MAN-POWER REQUIREMENTS 

A l l  t he  tasks  of Pro jec t  3 were devised and implemented i n  c lose  

co l labora t ion  between I t a l i a n  and US researchers .  This co l labora t ion  

necess i ta ted  frequent  working v i s i t s  of American s c i e n t i s t s  t o  the  

ENEL o f f i c e s  i n  P isa  and Lardere l lo  and of I t a l i a n  researchers  t o  t h e  

USGS ( i n  Menlo Park and Denver), t o  Stanford Universi ty  and t o  

Lawrence Berkeley Laboratory. 

Without speaking of the  engagements of personnel t h a t  were 

necessary t o  implement these j o i n t  t a sks ,  t o  give some idea of the  

c lose  techno-scient i f ic  ' rappor t '  created by P ro jec t  3, w e  need only 

say t h a t  there  were approximately 20 v i s i t s  of US s c i e n t i s t s  t o  I t a l y  

and about 15 of ENEL persnnel t o  the  USA, t o t a l i n g  about 550 and 

400 man/day spent abroad f o r  s t r i c t l y  s c i e n t i f i c  reasons. 

5. CONCLUSIONS 

The Pro jec t  Leaders, t h a t  i s  the  w r i t e r s  of t h i s  In t roduct ion ,  

w i l l  not presume t o  draw conclusions on the  v a l i d i t y  of the  s c i e n t i f i c  

resu l t s  obtained u n t i l  now by Pro jec t  3. 

My colleagues along with the  i n t e r n a t i o n a l  geothermal community, 

having read the  20 odd papers a l ready i n  p r i n t  on the  Proceedings of 

the  f i r s t  and second DOE-ENEL Workshops, w i l l  be ab le  t o  draw t h e i r  

own conclusions.  

What we would l i k e  t o  say i s  t h a t  the  type of co l labora t ion  

adopted f o r  Pro jec t  3, with i t s  j o i n t  implementation of the  defined 

t a sks ,  has r e su l t ed  i n  an extremely p r o l i f i c  exchange and comparison 

of know-how and experience. We wish a l s o  t o  add t h a t  the  j o i n t  
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undertaking of  these tasks has generated a strong s p i r i t  of emulation 

and c l o s e  ties of  friendship between a l l  those contributing to 

Project 3.  To these contributors, the Project Leaders want to 

address the ir  thanks and deep appreciation for the work carried out. 

, 
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MODELING VAPOR DOMINATED SYSTEMS - SERRAZZANO 
LUMPED PARAMETER MODELS 

R. Celati, R. Marconcini, G. Neri, 
K. Pruess, R. Schroeder and 0. Weres 

1 - Introduction 
Ta& 3/7 of the -DOE collaboration "Weement has been devoted 

to numerfcal simulation of two-phase geothermal reRervoirs. !be work 

has been conducted by the National Geothermal Unit of EHEZ,, Italy and 

the Laurence Berkeley Laboratory of mziversity of California, USA.The 

National Research Counoil of Italy also *contributed to the research. 

The main objectives of the research were identified in improving 

the understanding of physical processes, investigating the theoretical 

bases of some simple reserve estimation methds and testing tho feasL 

bility of rmmerical simulation of 8 real vapordominated reservoir. 

l?atur&l geothermal reservoirsarefound in a large variety of geolo - 
g i o  and hydrogeologic conditions and are characterieed by different 

distributions of the phasen in ths pore volume and fluid compositions. 

The t5istribution of the phases in the reservoir affects to a large 

extent the production mechanism &nd the characteristics of the fluid 

produced (Refs. 1 t2). 

The pressme of noncondensable gas ( m a i n l y  CO ) also can be important 
2 

fn the control of reservoir performance (Refs. 3,4). 

The fact that a reservoir delivers dry or even superheated stem do - 
es-not exclude the possibility that the reservoir may also contain fluid 

in a liqnid phase. In effect mass bslance calculations for known vapor- 

-dominated reservoirs show that the existenrse of a condensed phase must 

be admitted in order to justify the cumulative fluid production from the 

estimated reservoir volume (Refs. 2,5,6,7). 

The experience of several exploited geothermal fields of New Zealand, 

(;i Mexico and Italy show that fluid extraction can induce boiling inside 

reservoirs which were water-dominated in their undisturbed initial cog 
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W ditions. Thus it is likely that t 

exploitation in  the majo re8=drs4 

roaches have been followed in the mathematical mg 
delling of geathmal reservoirs: lumped parameter and distrib 

fed parameter models. 

er  models a s m e  reservoirs and fluid properties 

Although suoh hypothesis represents a good ~ p p 2  

ximation only for  ew geothermal reservoirs, 

been sucoessfully applied in several reservoir engineering studies 

(Refso 3,438199 10, j 1 ) o  

Simple lumped parameter models are preferred when detailed rz 
eervoir iizformationis not available or  scarce, 8s it i s  fo r  the 

majority of existing geothennal reservoirs. 

DTEctrfbufed parameter model8 can take into accoIqt complex rz 
aervoir shapes, etherogeneity, anhysotropy, irregular initial and 

bokdary conditions eco. 

Although their  use requires data which are generally difficult 

to obtain, they offer the possibility t o  &udy f ie ld  behavimr well 

per well and carefully investigate phenameas controlled by fluid 

been applied t o  Wairakei 

t o  the simula of the prodcotion 

f s  that & b e  0bta;ined 

from ,lumped parameter model6 (PART 1) and the simulation of the va .I 

podominated reservoir of Serrae-o 

(I*aly) 4 
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,- . 
2 - ,?hermodynami c behavior of vapor dominated resemroirrr LJ 

The most simple uay t o  conceive a geothermal reservoir is t o  bypz 

thesise a "hot box", poasibly adiabatic, containing three different 

components: rocks, water and noncondensable gas, assuming all the pro, 
per&ies unifom through the box volume - Let us assume that thermal 

equilibrium persists between the three components with every process 

which may occur in  the sgstem, that no chemical r a t i o n  exists betwe 

en the components and that the gas is dissolved i n  the liquid phase 

according: t o  Henry's law, llurs the changes of state are defined by 

the energy'and mass conservation equations as follows. 

- 

Equations ( l ) ,  (2) and (3) have been numerically in%egrated as% 

ming T, ea and Pg as independent variables and assigning the t o t a l  

flow of the fluid sxtracted or injected. The liqpid and steam produo 

t ion rates have been calculated on the basis of their  relative perm% 

b i l i t i e s  Ice, Kv, defined analfiically using a Carey's equation 

- 

$where 
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U Capillary pressure and any adeorption phenomena have not been t2 
ken into consideration even though they could play an important role 

i n  the reservoir aynamics and in the reserve estimation. 

Fig. 1 i l lust rates  an ideal reservoir. This reservoir in i t ia l ly  - 

contains a large volume of vapor and a small volume of liquid water 

at boiling point. Tho fluid delivery is 40 Kg/sec and the water  is 

presumed t o  be immobile. 

Fig. 2 shows the change over a period of time of the t o t a l  pressu - 
r e  and of the cumulative steam production. 

The main characteristic of the pressure decline curve is  given by 

the rapid decreaseoccurring i n  the first period of production due t o  

the extraction of the noncondensable gas. This fast decrease ends 

when the gas pressure is very small and t o t a l  pressure is  close t o  

that of saturation. 

The variation of gas content and steam saturation axe shown i n  

Hge 3 e  
The reservoir temperature decreases W l Y  and O ~ ~ o U ' s l Y  de - 

termines the vapor pressure as long 

reservoir. The slow decline i n  temp 

reserves are much greater than the heat' required t o  vaporize the l& 

are present i n  the 

i e s  that the heat 

auid contained in  the reservoir. - 
I <  

It can be seen that after XOO days (approx. 15 ps) of produg 

' tion, 28% of the Hater 'stored in  the reservoir has been produced cau - 
the temperature of only 3 OC. In the 88me period, 

the vapor saturation has changed from 

In practice, the reservoir engineer can never have complete infof 

mation on the initial state of the reservoir. Thus, he w i l l  never ha - 
ve all  the information tha t  he needs t o  build a numerical model of 

the reservoir i n  order t o  predict its future evolution. However, af 
t o r  the reservoir has been in production for a certain period, td 
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G 1 - 4 0  Kg/s 

I 

9 3  
RESERVOIR VOLUME V = 4.10 m 
POROSITY + 1-07 

CR =I200 J/KgT 
PR = 2500 Kg/m3 

SPECIFIC HEAT 
OF ROCK 

ROCK DENSITY 

SO =.8 INITIAL STEAM 
SATURATION 

INITIAL GAS 
PRESSURE Pgo=14.8 Bar 

T = 1 7 3 O C  INITIAL RESERVOIR 
TEMPERATURE 

INITIAL STEAM 
PRESSURE Pv0=8.5 Bar 

Fig. 1. Initial and boundary conditions for the reservoir 
considered in this study. 
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STEAM PRODUCTION I O 9  Kg 
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Fig. 4. Graph of the steam partial pressure versus 
steam production. 
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Fig. 5. Graph of the gas steam ratio versus steam 
production. 
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enation w i l l  be available for the flow rate and ljressure which can 

be used to  characteriae the reservoir and mayb 

Berves. 

w 
stimate the rz 

Figs. 2 and 3 show graphs that contain almost all the information 

necessary to evaluate the fluid reserves, once i t  has been establi 

shed that the reservoir being studied can be consi ed zero-dimeg 

sional 

The rock energy decrease corresponding to a temperature decrease 

A T is 

A &  = ( A - + ) V c , e p T  

As most of the energy is contained in the rock rather than in the 

fluid, we can assume with a good approximation that this value must 

balance the energy spent to vaporize the fluid produced and the work 

performed on the fluid leaving the system 

The result is 

A more precise calculation, which still presumes that the energy 

of the fluid is negligible with respect to the rocks, gives the equa - 
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where . I .  

_,, . . . . .  ..,. . 

G 

Th@, equation. practice gives the 88m 

equation, as the vapor density is generally irrele 

that of the liqtdd. 

Finally, given that Hv, El and h (p) are functions which 

ghtly with respect to p, the significance of the previous equation is 

that pressure is almost a linear function of the mass produced. me- 
slope of the plot of the pressure vs the d a t i v e  st.eam 

is approximately proportional to the inverse of the heat capscity of 

the rock. In practice, for a reservoir of this type, it is posoible 
to evaluate the rock volume (if the density and specifio heat are knc 

m) by measuring $be decrease in pressure or temperature corresponding 

to a given mass of vapor produced. 

.i 
.& 

tion 
i 

Using the results given in pig. 1 and applying these concepts, the 

p p h  ohown in Fig. 4 is obtained. Estimating that the average g (p) 

l is between 8.5 asld 8 bar and assunning for Hv-El, the value far 'the 

initial reservoir conditions, we obtain: 

@ - + ) V  = 3?.44 40 8 3  o-rl 
, .  

which is in good agreement with the actual value of 37.20 ;OB on3. 

/ 



337 

b' 

but 

where B&e.&s the mass of gas dissolved in  the liquib 

Inrtroducing the distribution coefficient gD ~hich i s  dependent on 

temperature, and considering also  that the vapor saturation varies v' 

ry l itt le during the time period being considered, we obtdn 

or 
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Therefore, for short time periods, there is a linear relationship 

between the logarithm of the gas/steam ra t io  and the cumulative steam 

pr&uction.Fig. 5 gives graph of In 
ced. If the  value of the quantity $ V is known, we 

the slope of the straight l ine ahown in the figure,.obtaining 

i n  function o vapor prod.. 

estimate S from 
7 

s = . 8 0 3  

For vapoldominated system in which S is quite large, usually the 

expression(4 - $)ee /KO can be ignored with respect t 

du& $ VS can thus be calculated directly. 

s and the prz 

In the example'above, where S is quite large we obtain 

9 3  &7\/s= . 239 10 m 

9 3  while the actual value is .224 10 m 

.Therefore, i f  the products 

sible to estimate(J-S)+Vee 

$by other methods, e.gr geophysical. 

VS and (1 - 8) V are known, it is poz 

i.e. the fluid reserves, evaluatingv or 

4 - Conclusions 

The evolution of the temperature of a homogeneow3 two-phase geo - 
thermal reservoir is controlled emlusively by the vaporisation prz 

oess. In  vapor dominated system, the gas content of the fluid prods 

ced depends mainly on the volume fraction of the reservoir which W i r 6  

in i t ia l ly  occupied by vapor. 

Adopting these two concepts i n  the analysis of the evolution of 

the reservoir temperature and the gas/steam ra t io  it is possible t o  

evaluate the fluid reserves. 

Actually these concepts can-only be applied i n  particular c i r c E  

stances '(Ref. 4). Normally. the liquid water i n  a reservoir' is not 

uniformly d i s t r i b u t e d ,  the reservoir is not homogeneous or isotrg 
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pic, f luid properties are  different from place to place and probably 

the assumptions concerning the gas m e  incomplete. 

These factors can be taken into considerstion with distributed pa - 
ramet 

Joule 

H .I Spe~if5.0 f f  Joule/& 

f i  I M a S S  

a gg/e  
ectio 

S .I Volume vapor saturation 

$ P Rock porosity 

a Y Water 

r 
g =car3 0 

5 E Injection g1 = Gas in 1i-a pbase 

U 
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PERFORMANCE MATCHING AND PREDICTION FOR SERRAZZANO 
. GEOTHERMAL RESERVOIR BY MEANS OF NUMERICAL SIMULATION 

K. Pruess, 0. Weres, R. Schroeder,:R. Marconc i, and G. Neri 

1. Introduction 

Serrazzano geothermal reservoir is one of the distinct zones of the 

extensive geothermal area near Larderello in central Tuscany, Italy. 

Natural manifestations and utilization of steam and hot water from shallow 

holes in this region have occurred for centuries. Deep drilling was begun 

after 1930, and since 1939 electric power has been generated at Serrazzano 

from\geothermal steam (with an interruption in World War 11, when the wells 

were destroyed). 

We have developed a distributed-parameter history-match simulation of 

the performance of Serrazzano reservoir from 1959 to 1975. The reservoir 

model obtained from this was subsequently used for predicting the future per- 

formance of Serrazzano reservoir through 1990. 

simulation has ever been attempted for a producfng vapor-dominated geothermal 

To our knowledge, no such 

reservoir. Serrazzano was chosen as a case study for developing and evaluat- 

ing the methodology for two reasons: (1) detailed production data and much 

geological and hydrological information is available for the reservoir; (2) 

for environmental reasons surface disposal of produced brines is no longer 

acceptabJe in Italy, and numerical studies are needed to aid in developing 

an appropriate injection program. 

The numerical simulations presented in the present paper were carried 

This program was developed at out with a computer program called SKAFT79. 

Lawrence Berkeley Laboratory, and is briefly reviewed in Chapter 2. Data 

base and elements of a conceptual model for Serrazzano are discussed in 

Chapter 3. Subsequently we explain the method used in developing a history 
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match simulation, and present results for our current "best" model of 

Serrazzano reservoir. Several effects which could cause a more rapid 

reservoir decline are examihed in Chapter 6, and Chapter 7 presents the 

extrapolation of re 

LiJ 

rvoir performance th 

2. The Simulator SHAFT79 

SHAFT79 solves coupled mass- and energy-transport equations for two-phase 

flow in a porous medium, using an integrated finite difference method. This 

method allows a very flexible one-, two-, or three-dimensional description 

of reservoirs, and is easily applicable to irregular shapes and geological 

features. Methodology and applications of SHAFT79 have been discussed in 

References 1-3. 

follows: (1) Geothermal reservoirs are approximated as systems of porous 

rock saturated with one-component fluid in liquid and vapor form. 

The main assumptions and approximations can be summarized as 

(2) 

properties being constant. 

Porosity can vary with temperature and pressure, with all other rock 

(3)  Liquid, vapor, and rock matrix are in local 

thermodynamic equilibrium, Le., at the same temperature and pressure, at 

all times. (4) Capillary pressure is negligible. 

SHAFT79 includes an accurate description of thermophysical properties 

of water substance, based on the 

4. Time is discretized fully implicitly, and the coupled non-linear finite 

difference equations for mss- -and energy-transport are solved simultaneously, 

using Newton/Raphson iteration. The linear equations arising in the iteration 

are solved with an ef 

m table equations as given in Reference 

Accuracy of t arison with numerical - 
simulations publis ison with th 

analytical similarity solution method developed by O'Sullivan. 6'7 Table 1 

summarizes the performance of SHAFT79 in simulating our present "best" model 
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of Serrazzano geothermal r e se rvo i r  on LBL's CDC-7600 computer. 

3. The Data Base 

A t  t he  present  t i m e ,  Serrazzano f i e l d  has 19 producing w e l l s  and 18 w e l l s  

which are shu t  i n  because they are dry o r  near ly  dry. The produced f l u i d  is 

simulated number of average t o t a l  CPU-time t y p i c a l  
t l m e  t i m e  s t e p s  t i m e  s t e p  CPU-time per  t i m e  s t e p  throughput 

15.5 years  243 23.3 days 2267 s e c  9.3 3ec 12.7 ' ,' 

~ ~~~~ 

Table 1: SHAFT79 - Performance f o r  Serrazzano Simulation. 
Throughput is t h e  r a t i o  of mass produced i n  a time s t e p  
t o  mass i n i t i a l l y  i n  p lace  i n  the  producing element ( the  
f i g u r e  given is f o r  w e l l  Pozzaie 2 a t  element N4, see 
Figure 1). 

r- 

id 

L' 
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U 
approximately 96.5% superheated steam, and 3.5% non-condensable gases (mainly 

Cot). Liquid water has neve n encountered at azzano. However, 

mass balance considerations demonstrate convincingly that most of the fluid 

reserves in Serrazzano are in place in'liquid forme8 From the drill logs it 

has been possible to identify the permeable strata of the reservoir, and'to 

map the geometry of the system. 9'10 The reservoir is an anticlinal horst-and- 

graben structure, with thickness varying from some ten meters near the 

intensely fractured structural high to more than 500 meters in areas with 

thick layers of "evaporite" rocks (see Figure 1) The "evaporite" complex 

consists of highly -permeable and porous anhydrite, limestones, and radiolarites. 

The location of impermeable boundaries is somewhat open to question. 

. Formations underlying the structural high may have non-negligible 

permeability and porosity. 

in fluid transport in Serrazzano. l1 '12 

amounts of steam are-brought through fractures into the main reservoir from 

Fractures are known to play an important role 
I 

It appears possible that significant 

great depth (> 2.km) 

Geochemical and hydrological work has shown that Serrazzano field is a 

rather isolated section of the Larderello geothermal region; no significant 
13 recharge is believed to occur. 

Average properties of the rock matrix .are subject to large uncertainty. 

Laboratory tests on cuttings have -given consistent values for specific 

density, specific heat, and heat conductlvity. 

and'permeability cannot be determined from core samples on a laboratory 

scale. These para ters are very poorly known. A drawdown- and bttildup- 

tests have been'conducted in the past, from which a 

distribution has been Inferred. l4*I5 

questionable due to 2-phase conditions in parts of the reservoir. 

However, average porosity 

Interpretation of these tests is 
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Wellhead temperature and pressure measurements in flowing wells, and 

pressure measurements in shut-in wells, provide a basis for determining 

average thermodynamic conditions in the reservoir. Interpretation of 

these data is complicated by substantial variations on a local scale, 

sometimes due to deep fractures, sometimes due to shallow cold aquifers. 

Operating conditions in Serrazzano approximate production with constant 

pressure p = 5 bars. Many wells have rather small flow rates, and estima- 

tion of downhole conditions is uncertain because of unknown and possibly 

large effects from heat losses to shallow aquifers. 8 

Important work on average pressure distributions in Serrazzano was done 

by Atkinson et al. (ref. 16). Using somewhat subjective judgment in 

evaluating field data with their sometimes large fluctuations and local 

variations, these authors were able to construct several contour maps of 

average reservoir pressures between 1960 and 1975. These pressure maps, 

when combined with temperature data, show that superheated conditions 

prevail throughout the main well field, near the structural high. 

No direct information exists regarding the distribution of pore water 

in the reservoir. 

Serrazzano as developed by Weres et al. l7 

with surrounding aquifers, and using a plausible value of T = 275OC for 

initial (pre-exploitation) reservoir temperature at depth, the steam/two-phase 

interface is estimated near 500 m depth. 

A rough hint is available from a conceptual model of 

Postulating hydraulic continuity 

Positions, producing horizons, and -time-dependent flow rates are known 

for all wells. 

In summary: Although much data and qualitative information is available 

for Serrazzano, the data base falls very much short of the detailed and ' 
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complete d e f i n i t i o n  required as input f o r  d i s t r i b u t e d  parameter simulation. 

Moreover, ava i l ab le  da t a  r e f l e c t  a c t u a l  f i e l d  conditions t o  varying degrees, 

and are sub jec t  t o  various degrees of confidence. As indicated i n  Table 2, t h e  

most s ign i f  i can  

areas of permea 

ef i c i t s  with regard t o  da ta  a v a i l a b i l i t y  e x i s t  

i t y ,  d i s t r i b u t i o n  of pore water, and porosity.' 

unavailable o r  uncer ta in  a 

t h e  r e s e r v o i r ,  and t h e  de t  

da ta  defining geometry and boundary conditions of 

led  d i s t r i b u t i o n  of temperatures and 

4. Method of Simulation 

The simulation is c a r r i e d  out using the  geologically accurate-mesh as 

developed by Weres (ref. 18,19). Figure 1 gives an areal view of t h e  res 

* with t h e  pos i t i ons  of t h e  geological cross-sections employed i n  t h e  mesh 

generation i 

computer-generated mesh i n  two d i f f e r e n t  ( ro ta ted)  views. The mesh represents  

i ca t ed  by s t r a i g h t  l i n e s  labeled A t o  2. Figure 2 shows t h e  

bi 

a re se rvo i r  t h a t  is a curved t h i n  shee t  approximately 1 km from top t o  "bottom, 

and a r e a l l y  c ers about 25 km It has 234 polyhedml elements with 1 2 

es between them. There are up t o  10 i n t e r f a c e s  pe 

element . 
mpts t o  model t h e  

m e  apparent t h a t  

multi tude of rat 

avored t o  model t 

re-exploitation p 

I 

d e t a i l e d  f i e l d  da ta  are 

The da ta  (Table 2) 

input  t o  t h e  simulation, and those aga 

The d iv i s ion  between t h e  two groups is t o  some 

before  t h a t  operating conditions i n  Serrazzano- approx 



RATING 
PARAMETERS 

geometrical definition of reservoir 

rock properties: densityp ; specific 
heat CR; heat conductivity KR 

permeability: k 

porosity: 4 

boundary conditions 

initial conditions: temperature T; 
pressure p; 
vapor saturation S 

wells: locations 
flaw rates 

presdures p as function of,time 

Availability 

A-B 

A 

B 

B 

A-B 

A-B 

B 

A 
A 

A-B 

Sensitivity 

B 

01 

B 
U 

01-,$ 

B 

B 

B 
B 

HANDLING 

Essentially fixed (minor adjustments 
where imperative) 

fixed (p = 2600 kg/m3; CR = 775 

adjustable 

fixed at somewhat arbitrary 4 = 10% 

fixed (no flow) 

adjustable within a range 

adjustable 

fixed) as measured fixed 

to be matched by simulation 

Table 2:  Serrazzano Data Base. 
availability (A: not well defined from field data, 

variations have little impact on simulated field performance; B: parameter variations have strong 
impact on simulated field performance; 1x4: intermediate). 
after 1960. 

The various parameter groups needed for a simulation are rated on scales of 
rather good definition from field data; B: 

7 hence susceptible to rather arbitrary adjustments; A-B: intermediate) and sensitivity (a: parameter 

Availability ratings apply t o  period 
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c 

Fig, 1. Areal map of Serrazzano geothermal reservoir, (Thin lines- 
contours of caprock elevations; straight lines-geological 
cross sections; thick lines-boundaries of zones with  differ- 
ent permeability) (XBL 797-7591B) 
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.- 
Fig. 2. Serrazzano mesh in rotated perspective views. (XBL 787-9570) L, 
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constant (well head) pressure. 

as a (mathematical) sink co . The objective t 
observed product 

For modeling purposes’, this could be imposed 

, which makes a more s 

observed flow rate data. (These da are measured with 

Namely, we impose observed flow rates on the simulated reservoir model. 

The task of the history match simulation then becomes one of (i) sustaining 

low rates over the period from 1959 to 1975, for which 

production data are available, and (ii) doing so 

relatively mild pressure fluctuations near the main well field. , 

story match simulation proceeds in trial-and-err0 

make certain assumptions for those parameters which are not well known, o 

are unknown, compare simulated field performance with observ 

and then modify our parameter estimates so os to reduce disc 

simulated and performance. The limited availability 

s with a multitude of choices. It wou 

f assumptions ad hoc, whic 

meaningful , yet coul ed. The actual situation is, however, 

tructural high co 
, 

certain parameters was 
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main well field. Table 2 summarizes the handling of the various parameters 

during development of the history match. 

Important among the adjustable parameters is the permeability 

distribution. 

the way in which time-dependent production rates q(t) give rise to time- 

dependent pressures p(t). The permeability along the 1-phase flow path 

determines the short-term (days or weeks) "elasticity" of well field pressure 

response to fluctuations in production rates. Permeability distributions in 

the two-phase (boiling) region determine the extent to which pressure at the 

two-phase/steam interface can be maintained over periods of substantial 

It determines the "dynamic" response of the reservoir; i.e., 

depletion (years). 

, Under favorable circumstances, boiling rates away from the interface can 

be sufficiently large (equal to or larger than at the interface) to supply 

enough hotter steam to sustain temperature (hence pressure) at the interface. 

Then, the interface remains approximately stationary and at approximately 

constant pressure, while pressures decline away from the interface at the 

margins of the reservoir. 

Atkinsod et al. (ref. 16) suggest that this type of behavior is present in 

Serrazzano. 

The maps of average pressures as developed by 

A pattern of depletion with approximately stationary two-phase/steam 

interface at approximately constant pressure can prevail as long as the 

reserves of liquid water last. 

depends little on ultimate fluid reserves, and the simulation is not very 

6 

Reservoir performance during this period 

sensitive to variations of those parameters which determine ultimate fluid 

reserves. 

phase zone. 

These are mainly porosity 4 and vapor saturation S in the two- ' 

Therefore we have kept @ constant at a "best guess" of 10%. 
9 . .  

Initial vapor saturation was chosen as follows. We compute relative 
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permeabilities from a version of Corey's equations 

2r-S) S 3 4  /r f o r ~ L ;  

for S L r 
L 

steam k 

for S L r 
for S L r 

c 
kliquid 

with the residual immobile water saturation taken as a somewhat arbitrary 

1-r = 40%. 

The pressure maps of Atkinson et al. show that pressure gradients at 

depth are less than 1/3 the hydrostatic gradient, from which we conclude that 

no mobile liquid water is present in the reservoir. - 

water saturation 1-S should not exceed 40%. We have taken S * 60% as initial 

conditions (summer' of 1959 

steam interface in the course of development of the history match. 

Thus, initlal liquid 

while adjusting the location of * the: two-phase/ 

During the development'of the simulation, adjustments were also made to ' 

the assumed initial conditions for suher 1959. 

some detail (local variations) in order to model successfully overall! field 

behavior. E.g., the well VC/10 (near element E8, F 

strong producer 

The well V C / ~ .  

It was necessary to relinquish 

re 1). is an exceedingly 

e 25 kglsec) with wellhead temperatures in- excess-bf 260°C. 

r 'element C7, see Figure 1) at about 1 
I ?  

11 head temperatu of approximateiy 180°C. Such large 

translate into large pressure differences betweensthe 

(two-phase) steam sources, cannot be accommodated within the mesh. It is: 

likely that VC/10 is fed through a large fract 

poorly connected to the mesh, and that VC/2 is affected by shallow cold 

. from depth , whichls only 
W 
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aquifers.  We connected VC/10 t o  a l a rge  element representing a deep bo i l ing  

a q u i f e r ,  and adopted smoothly varying i n i t i a l  conditions throughout t h e  mesh. 

Apart from the  inev i t ab le  adjustment i n  t h e  case of VC/10, geometry and 

This w a s  no-flow boundary conditions were kept f ixed  during the  simulation. 

done c h i e f l y  because modifications based on simulation alone, without inde- 

pendent evidence, would seem r a t h e r  a r b i t r a r y  and speculative. 

r e s u l t s  provide i n d i r e c t  evidence, however, t h a t  some cold water recharge is 

Simulation 

occurring near t h e  margins, and t h a t  some steam reaches t h e  main w e l l  f i e l d  

from outs ide  t h e  mesh (presumably through deep fractures.)  

5. Resul t s  of History Match 

Our curren t  "best" model of t h e  Serrazzano r e se rvo i r  was a r r ived  a t ,  i n  

i ts  q u a l i t a t i v e  (conceptual) and quan t i t a t ive  f e a t u r e s ,  through a l a rge  

number of simulations. 

r e c t i f y  d e f i c i t s  i n  the  simulated r e se rvo i r  performance. 

Parameters had t o  be adjusted again and again t o  

It turned out  t o  

be very d i f f i c u l t  t o  s u s t a i n  observed flow rates throughout t h e  e n t i r e  

modeling period (1959-1975) , without "overshooting" pressures i n  t h e  main 

w e l l  f i e l d  f o r  t he  f i r s t  f e w  years. This d i f f i c u l t y  gives important c lues  

t o  what is happening i n  t h e  f i e l d  (see below). 

Our model cannot reso lve  a l l  of t h e  unce r t a in t i e s  about parameters 

charac te r iz ing  Serrazzano f i e l d .  It remains i n  p a r t  specula t ive ,  and needs 

t o  be f u r t h e r  checked and re f ined  as more da ta  become available.  W e  do 

be l i eve ,  however, t h a t  t he  model is p laus ib l e  i n  view of general  ideas  about 

Serrazzano. And it appears reasonable i n  t h a t  it accounts f o r  important 

t rends  and f ea tu res  observed i n  the  f i e l d .  

Qual i ta t ive ly ,  t h e  r e s e r v o i r  model is t h a t  of a steam cap overlying a 
.--- 

bo i l ing  aquifer.  There is dry steam i n  t h e  cen te r ,  near t h e  s t r u c t u r a l  high u 
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(where t h e  main w e l l  f i e l d  is located).  Pore water (i.e., two-phase zones) is 

confined t o  t h e  margins. 

steam .flows t o  the  w e l l s .  

Water is immobile throughout. It b o i l s  i n  p lace  as 

The two-phase/steam i n t e r f a c e ,  located a t  approx- 

imately -500 m (see Figure 1) acts as a nearly constant pressure boundary f o r  

t h e  dry steam region. Gravity e f f e c t s  are s m a l l  as only steam is mobile. 

In  order t o  s u s t a i n  f i e l d  production over t he  e n t i r e  15.5-year period 

modeled, we had t o  introduce 6 zones of d i f f e r e n t  permeability- (see Figure 1 
. I  .-_.-_ . . 

3). Zone *I includes t h e  main w e l l  f i e ld .  Its very high permea- 
. .  

b i l i t y  is  necess i t a t ed  by t h e  observation t h a t  production rates a t  ind iv idua l  

w e l l s  can f l u c t u a t e  appreciably without very s t rong  pressure response. 

T I  and I V  are e s s e n t i a l l y  regions of dry steam flow, with permeabi l i t i es  

Zones 

ad jus ted  such as t o  provide proper r e s i s t ance  t o  steam flowing from the  

two-phase margins toward t h e  main well f i e l d  a t  the  center  of t h e  reservoi r .  

Zones I11 and VI are e s s e n t i a l l y  two-phase regions,  with permeabi l i t i es  such 

as t o  ob ta in  a p a t t e r n  of near ly  uniform bo i l ing  and hence good pressure 

maintenance a t  t h e  two-phase/steam i n t e r f a c e  during depletion. Zone V is  t h e  

ge steam pressures 

e versus cumula- 

Table 4 f o r  t h e  

is shown i n  Figur 

t ive production (dp/dQ) de 

e n t i r e  simulated t h e  post-1967 period. Average simulated 

pressure  dec l ine  i n  t h e  r e se rvo i r  is somewhat slower than t h e  value dp/dQ = 

-10 16 
-1.9 x 10 bar/kg as deduced from f i e l d  da ta  by Atkinson et al. 

r t h  ious zones, as w e l l  as f o r  t h  

e n t i r e  reservoir.  t r i b u t e  roughly equal 

amounts t o  cumulative f i e l d  production. Over 15 yea the  f i e l d  lo ses  18.2X 

of t h e  mass present on 1/1/60. Tota l  reserves are approxima 

It is seen t h a t  Zones I11 and VI 
. -  



ZONE PERMEABILITY 
(milliDarcv) 

I11 

VI 

I 4000 

.74 1.10 

1.91 2.29 

I1 90 

I11 85 

Iv 25 

v' 85 

VI 40 

Table 3 : Permeability Distribution 
The zones are defined in 
Figure 1. 

REGION 

I 

I1 

I11 

IV 

VI 

R 

356 

,- 

i 

REGION 
1960-75 1967-75 

entire I .75 1.35 I res e NO i r  

Table 4: Simulated Pressure Decline 

Vapor Mass 
Mass Loss I 

x 8 Saturation (%) Content (10 kg) 
1960 1975 1960 19 75 10 kg 

100 100 1.89 1.84 .05 

99.9 100 6.37 4.97 1.40 

69.0 73.8 1108.8 950.3 158.5 

83.9 86.5 87.2 74.3 12.9 

60.7 72.6 464.3 333.3 131 ,O 

73.3 78.5 1668 7 1364.8 303.9 
. 

2.6 

22 .o 

14.3 

14.8 

28.2 

18.2 

,--. 

tld Table 5 : Simulated Mass Balances 
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1.7 x 10" kg i n  1960, and 1.4 x lo1' kg i n  1975. These values are 

e n t i r e l y  cons is ten t  with Weres' estimate of an i n - r i a l  (pre-explo i ta tan  

mass content of 2.3 x 10'' kg, and a t o t a l  cumulative steam production t o  

da t e  of 0.9 x 10 11 18 
kg. 

Production temperatures do not provide a meaningful test of t h e  simulation, 

as much of t he  v a r i a t i o n  observed a t  the  w e l l  heads is  due t o  well-bore e f f e c t s  

r a t h e r  than r e se rvo i r  processes. 8 Simulated production temperatures are 

approximately constant over t h e  15.5 year period modeled, with va r i a t ions  

t y p i c a l l y  around 5-1OoC. 

t i o n s ,  although our simulation usua l ly  does not quan t i t a t ive ly  agree with 

t h e  s m a l l  observed changes. 

This is i n  rough agreement with f i e l d  observa- 

Figure 4 compares simulated pressures f o r  January 1960 ( a f t e r  6 months 

of simulation) with the  average pressures developed by Atkinson et  al. l6 we 

consider t he  ove ra l l  agreement t o  be sa t i s f ac to ry .  Discrepancies are most 

pronounced i n  t h e  southeast  (A-B-C-D-region) and are due t o  our d e l i b e r a t e  

choice of i n i t i a l  conditions: da ta  from w e l l s  VC/2 and Le Prata 4 i n d i c a t e  

t h a t  t h e  e n t i r e  region is cooler and a t  lower pressures than was assumed i n  

reference 16. 

Pressures obtained a f t e r  15.5 years  of simulated t i m e  are compared with 

t h e  January 1975 map of Atkinson et  al. i n  Figure 5. For convenience of 

d i scuss ion  we s h a l l  r e f e r  t o  the  pressures as given by Atkinson et  al. as 

" f i e ld  pressures," although they are only i n  p a r t  backed up by a c t u a l  f i e l d  

observations. 

While the  general  p a t t e r n  of simulated pressures does resemble t h e  

" f i e ld  pressures," f o r  t h e  most p a r t  there  is no quan t i t a t ive  agreement i n  

d e t a i l .  Overall, simulated pressures are somewhat high. This  is p a r t i c u l a r l y  
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JANUARY 1960 

Pressure distribution for Jan 0. The thick con- 
tours are based on field o6se (units  :. bars) , 
whereas the thin contours are simulated results (units: 
Pascals). The simulated results.refer to the lowest 
layer of the reservoir model. 
variations are m a l l  ( e l b a r ) .  
tween contour l ines  are 5 x lo5  Pascal = 5 bar. 

Simulated vertical pressure 
Pressure increments be- 

(XBL 807-1401~) 
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N 

5. 

Fig. 5: Pressure distribution for January 1975. (XBL 807-1401B) 
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evident f o r  pressures i n  the two-phase 'region, -roughly corresponding t o  

-p: > 20 bars ,  i n  both the  eas 

model, pressures in the  two-phase regions decline so le ly  as  a consequence of 

temperature decline due t o  heat loss  of the rock i n  boiling water. As we do 

impose proper steam production rates, we should obtain correct  overal l  heat 

loss. There are three possible reasons why fo r  a given overal l  heat loss  

pressures i n  the two-phase region could decline more rapidly i n  the f i e l d  

than In  our model: 

phase zones would lower temperatures, hence pressures; (ii) the volume of 

the  two-phase zone may be somewhat smaller than assumed i n  our model, e i t h e r  

because the reservoir  may bq somewhat thinner,  o r  because the two-phase/steam 

in te r face  may be a t  a depth grea te r  than 500 m ; (iii) heat t ransfer  from the 

rock t o  the  f l u i d  may be inhibi ted because some'of the permeability may be due 

t o  i so la ted  fractures  ra ther  than the-rock matrix. 

investigated i n  Chapter 6. 

w e l l  f i e l d  (N4-A344=area). 

pressures in the  two-phase region. The 20 bar contour, which roughly coin- 

cides with the two-phase/steam in te r face ,  agrees f a i r l y  w e l l  with the f i e l d  

pressures .in the w e s t ,  without overshooting excessively i n  the east. 

order t o  make simulated pressures smaller near the main w e l l  f i e l d ,  we would 

and western m r g  f the f ie ld .  In our 

(i) int rusion of some colder water in to  depleting two- 

These e f f ec t s  are fur ther  

Pressures are a l so  somewhat high near the main 

This is probably not en t i r e ly  due t o  too high 

Thus, in 

need to-diminish permeability along the l-phase flow path. This, however, 

would make it impossibie t o  sus ta in  the  higher flow rates of the early 1960's. 

We believe tha t  t h i s  d i f f i c u l t y  may indicate  t h a t  some of the steam supply to  

the main w e l l  f i e l d  originates 'from deep f rac tures ,  ra ther  than from tha t  

portion of the reservoir  which is =simulated i n  our present model. 
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Ll 
Additional support f o r  t h i s  hypothesis is provided by t h e  pecul ia r  

deple t ion  p a t t e r n  observed during the  simulation. 

dec l ine  i n  the  r e se rvo i r  margins is somewhat slower than observed i n  t h e  

f i e l d ,  we found it q u i t e  d i f f i c u l t  t o  s u s t a i n  t h e  observed f l o w , r a t e s  i n  t h e  

main w e l l  f i e ld .  

d i s t r i b u t i o n  c a r e f u l l y  i n  t h e  two-phase regions such as t o  optimize pressure  

maintenance at t h e  two-phase/steam in te r face .  , 

permeabi l i t i es  i n  t h e  two-phase regions r a the r  "large ,'I so t h a t  bo i l i ng  would 

e a s i l y  spread a l l  t h e  way t o  t h e  h o t t e r  margins r a the r  than being concentrated 

near t h e  two-phase/steam in te r face .  

uniform throughout, and are a c t u a l l y  increasing somewhat away from the  

i n t e r f a c e  toward the  margins. 

s a t u r a t i o n s  increase  almost uniformly throughout t h e  two-phase region, and 

t h e  two-phase/steam i n t e r f a c e  remains s ta t ionary .  These simulated r e s u l t s  

support some of t h e  choices made with regard t o  i n i t i a l  d i s t r i b u t i o n  of pore 

water i n  1959, namely, t o  place t h e  two-phasejsteam i n t e r f a c e  near 500 m 

depth,  where i t  is believed t o  have been i n  t h e  pre-exploitation state, and 

t o  take  i n i t i a l  vapor s a t u r a t i o n  t o  be constant (S = 60%) throughout t h e  

two-phase zone. 

our assumptions f o r  i n i t i a l  d i s t r i b u t i o n  of pore water. The ex ten t  t o  Which 

w e  had t o  fine-tune the  permeabili ty d i s t r i b u t i o n  t o  achieve uniform b o i l i n g  

(and a c t u a l l y  going somewhat beyond) i n  order t o  s u s t a i n  production may 

i nd ica t e  t h a t  i n  a c t u a l i t y  not a l l  production is generated through bo i l ing  i n  

t h e  two-phase zone modeled. 

undetermined amount of steam e n t e r s  t h e  main w e l l  f i e l d  through f r a c t u r e s  

Although simulated -pr s su re  

This could only be achieved by fine-tuning the  permeabili ty 

This was achieved by making 

Resulting bo i l ing  rates are almost 

During t h e  e n t i r e  simulation period, vapor 

Thus, t h e  model evolves i n  a way which is cons is ten t  wi th  

The r e s u l t s  seem t o  suggest t h a t  an as ye t  

r-- 

from depth, perhaps a t  a rate of a few kg/sec. Lf i 
i 
i 
i 
\ 
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6. 

We noted before t h a t  simulated average pressure dec l ine  is slower than 

observed i n  t h e  f i e l d .  In order t o  obtain a pressure dec l ine  of dp/dQ = -1.9 

x bar/kg, as suggested i n  re f .  16, an add i t iona l  average pres'sure 

drop of &p * 3.5 bar  is required i n  the  two-phase regions. A t  an average 

i n i t i a l  temperature T 

t u r e  dec l ine  of bT * 5-6 OC. 

i n  Chapter 5 t o  see which could be l i k e l y  candidates f o r  producing such 

a temperature decline. 

240 OC t h i s  corresponds t o  an addi t iona l  tempera- 

W e  s h a l l  now examine the  e f f e c t s  mentioned 

6.1 In t rus ion  of Cold Water 

In  order  t o  assess t h i s  e f f e c t  we compute mixing temperatures f o r  

cold water and a hot  rock/water/steam reservoir.  W e  start with a r e se rvo i r  

emperature of T = 240 OC and a vapor s a t u r a t i o n  of S = 67.5%, corres- 

onding t o  t h e  average vapor s a t u r a t i o n  i n  the  two-phase region obtained a f t e r  

15.5 yea r s  of simulation f o r  t he  Serrazzano model. Results f o r  add i t iona l  

temperature dec l ine  6T as a func t ion  of cold water recharge are p lo t t ed  i n  

I 

Figure 6 f o r  t he  cases of recharge water temperature Tw = 20 OC and Tw = 80 OC. 

If recharge is equal t o  discharge,  t h e  system ends up a t  a vapor s a t u r a t i o n  

S = 60X, equal t o  t h e  i n  

6 T  = 2 OC. 

a 6~ of 5 OC. 

t i o n a l  temper 

he discharge i n  order t o  y i e ld  Recharge would h 

These estimates and the  curves i n  Figure 6 are based on a model of "uni- 

form mixing ,'I i.e. , with the  recharge waters being uniformly d i s t r i b u t e d  

throughout t he 'bo i l i ng  volume. This model may not be very realistic, because 
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Figure 6. Effects of Cold Water Intrusion. (XBL 808-2725) 
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recharge waters may instead move from the reservoir margins inward as rather 

sharp fronts. In the latter 

would have been heated up to original reservoir temperature, so that our model, 

above, would overestimate temperature decline. This suggests that, while re- 

charge could make a significant contribution, it is in all likelihood not a 

major source of the additional temperature decline. 

e the water flowing into the boiling zone 

60 Lower Two-Phase/Steam Interface 

The total amount of steam produced from the two-phase region in 15.5 

10 years (1959-75) is Q = 2.94 x 10 kg. Virtually all of this is generated 

through boiling, in which the rock transfers a total amount of 5.36 x 10" J 

of heat to'the fluid (corresponding to an average vaporization enthalpy of 

h = 1.82 x 10 J/kg). If the 1959 initial conditions were modified 

such as to ex 

boiling would be confined to a smaller volume. In order to supply the same 

amount of heat for vaporization, the rock temperature would have to decline 

by a larger amount. 

6 
VaP 

rge vapor saturation to greater depth, 

h Figure 7 we have plotted the reservoir volunie VD below depth 0 as a 

function of depth. 

sponding to an average depth of the two-phase/steam interface of -479 m. 

Figure 7 also shows the additional temperature decline 6T that would result 

from a lowering of the two-phase/steam interface. In order to yield a 6T of 

5-6 OC, the interface would have to be lowered to a depth of -680 to -700 rn. 

Such a value, while somewhat large, is not incompatible with Weres' model of 

hydraulic continuity between the pre-exploitation reservoir and surrounding 

aquifers. 

The two-phase zone has a volume of 4.94 x lo9 m3, corre- 

I 

\ 

With a typical elevation of +lo0 m for the water table, the vapor 

pressure at the two-phase/steam interface would have to balance a column of 
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-1000 

Figure 7. 

Depth (m)  

Temperature Decline i n  Dependence of Assumed Depth of Tvo-Phase/ 
Steam Interface. (XBL 808-2727) 
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800 m water. Assuming a linear dependence of water temperature and density 

upon depth, the required pressure is 69 bars, corresponding to a pre-exploit- 

ation temperature at the two-phase/steam interface of 285 OC. 

V 

A closely 

related possibilitiy is that the top of the two-phase zone may have a rather 

small liquid saturation in 1959, and dry up during subsequent production. 

It is to be noted that the effect discussed above comes about from a 

reduction of the volume of the boiling zone. 

volume by lowering the two-phase/steam interface would be to decrease the 

thickness of the reservoir 'by an appropriate amount (about 50X for a 6T fb 6 'C, 

An alternative to reducing the 

see Figure 7). 

these alternatives. 

The data available to us do not allow to distinguish between 

6.3. Incomplete Thermal Equilibration between Rock and Flukc 

Fractures are known to play an important role in fluid transport in 

Serrazzano. It appears possible that parts of the reservoir have low matrix 

permeability. 

boils, extrac heat from the k matrix and lo g its temperature. 

As steam is produced, the water in the more permeable regions 

will flow main by conduction f e less permeable rock 

into the flow regions. The temperature decline in the boiling region will be 

more rapid, and in the impermeable rock less rapid, than would be observed if 

water and rock were mixed throughout the entire volume. 

temperature decline 6T 

temperature equilibrat 

(i) boili , (ii) eable rock volume, and 

I 

The 

rring in the flow reg1 

nd no-flow-regions will increase with 

of the embedded low-per ility reservoir regions. 

U 
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c 
We have applied SHAFT79 t o  make a parametric study of these  e f fec ts .  

The model reservoi r  cons i s t s  of a l a rge  number of i d e n t i c a l  "elementary uni t s"  

(see Figure 8). 

sists of porous (or highly f rac tured)  and permeable material, whereas t h e  

The elementary u n i t  is a cube, t h e  outer  p a r t  of which con- 

inner p a r t  is a (centered) cube of s o l i d  impermeable rock (see Figura.9). As 

we are in t e re s t ed  i n  a process of slow and very nearly uniform deple t ion ,  

flow between elementary u n i t s  is neg l ig ib l e  and only one elementary u n i t  

needs t o  be modeled. 

60%, representa t ive  of i n i t i a l  conditions (1959) i n  t h e  two-phase zone of 

I n i t i a l  conditions were chosen as T = 240 OC,  S = 

t h e  Serrazzano reservoir.  A t  t he  sur face  of t h e  elementary u n i t  a constant 

production rate of 1.75 x kg/m s is  applied. This gives rise 3 

t o  a bo i l ing  rate of very near ly  the  same magnitude, which corresponds t o  

what is observed i n  t h e  Serrazzano simulation. Calculations were done f o r  

impermeable rock volumes of 90%, 80%, and 50%, respec t ive ly ,  of t h e  elementary 

u n i t  volume. 

t h e  flow region is loo%, 50%, and 20%, respec t ive ly ,  i n  t h e  th ree  cases. 

Average poros i ty  is held f ixed  a t  lo%, so t h a t  t h e  poros i ty  i n  

Figure 10 shows the  dependence of add i t iona l  temperature dec l ine  upon 

length L of t h e  elementary unit .  The s$de length of the  impermeable rock 

cube is L x *9113, L x .8'13, and L x .5'13 f o r  t h e  cases of 90%, 80%, and 50% 

impermeable rock volume, respectively.  The case with 90% impermeable 

volume, corresponding t o  100% poros i ty  i n  t h e  flow region, provides an upper 

bound f o r  temperature decline. 

are more p laus ib le  and p o t e n t i a l l y  realistic. 

The cases with 80% and SO%, r e spec t ive ly ,  

A length  L f+ 200 m produces 

temperature declines of t he  magnitude needed t o  make simulated r e se rvo i r  

performance,agree on average with observed perforinance. 

considered a c h a r a c t e r i s t i c  length of our model. 

200 m is t o  be 
,--- 

I n  a c t u a l i t y  , of course, I 



369 

V 

--------- 

I I 
I I 
I I 
I I 
I I 

I 1 
I I 
I I 
1 I 
I 1 
I I 
I I 

I 
I 

I 

1 I 
I I 
I I 

I I 
I I 
I 1 
I I 
I I 
I I 
I 1 

I I 
I ' I  

I 
I 

I I 

I I I 
I I I 
I 1 I 
I I I 
I I I 

1 I 
I I I 
I I I 

I 
I 

I / I I I 
1 I I I 

I I I I 
I I 1 
I I I 

I 
I 
I I I I 

I I I I 
I 

I I 
I 

I I I I 
I 

I 
1 
I 

I 
I 

I 
- I  

I 
I 

u Figure 8. Areal View of Fractured Reservoir Model. (XBL 



370 

I 1  I I I  I I 1 ,  I 1 

/- Volume - percent of 
impermeable rock 

V 

Figure 9.  Elementary Unit of Fractured Reservoir.. 
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.- .. 

' the.reservoir rock need not be regular, and sizes of impermeable regions 
r 

- ..I__ could - vary throughout the reservoir. ._I . It appears entirely I possible, partic- 

ularlydn view of the large number of unproductive wells, that such large 

Impermeable rock masses could be present interspersed with permeable 

regions in the reservoir. We suggest, therefore, that incomplete temper- 

ature equilibration could well be a major source of additional temperature 

decline in the field. 

In conclusion, both a diminished volume of the two-phase zone or 

Sncomplete thermal equilibration between vapor and fluid.could very 

significantly increase the rate of temperature and pressure decline. These 

fwo effects could separately or combined account for an additional temperature 

decline of 5-6 OC over the simulated period of 15.5 years, such as is 

required to make simulated average pressure decline agree with the value 

<deduced from field. data. 

7. Reservoir Performance 1975-1990 
* . .  

* i 

from 1959 to 1975 provides a of Serrazzano reser- 

to extrapolate (foyecast) production at a later time. 
i 

For this, we ass onstant well head pressure p = 5 

11 Well elements to a very large 

Interface areas are adjusted such that proper (me 

ent _with const 

w 

I 

production rates are obtained for January 1975, which is the most recent time 

itized production data were available. The simulation has been 

es 11 through 16 and 

Table 6. 
' 

responding to an average rate of 63.0 kg/sec. 

Total simulated mass production from 1975 to 1990 is 29.8 x .lo9 kg, cor-' 

Average produced enthalpy is 
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PRODUCTION RATE (kg/sec) 

w e l l  ' l o c a t i o n  January 1975 January 1990 d e c l i n e  
( X  1 

1 8  

BCF/3 

Capriola  

01 ive t a 

vc/2 

Le P r a t a  4 

Grot t i t ana 

Soff ioniss imo 1 

Le Vasche 

Vignacce 

Pozzaie 2 

Conserva 

Avalle 2 

Lustignano 

vc 15 

Campo a i  P e r i  

88 

Cioccaia  

WCA3 2.90 2.30 20; 9 

WCB 8 12.95 10. 76 17. 0 

wcc3 1. 41 1. 13 * - 19.7 

WCC 7 0.81 . 0.66 18.6 

WEC31 5.35 4. 62 1 3 a . 7  

WCD6 3.89 2.87 26. 0 

WCE3 2. 61 19.3 

WCG3 3. 32 19.7 

WCG4 6.18 19.2 

WEN4 5. 46 4.47 18.2 

WCP2 3. 51 2.81 .20.0 

WCP3 4.44 3.55 20.0 

WCPl2 

WER38 

WES40 

WCY3 

wcz 2 

9. 89 

2.33 

2.42 

1.33 

2.99. 

5.69 

1. i o  
1. 82 

1.09 

2. 42 

42. 5 

27. 1 

24.6 

18. 4 

19. 3 

aggregate" 71. 8 55.7 22.4 

Table 6: Well-by-Well Production Rates f o r  1975 and 1990. 
- 

does no t  inc lude  w e l l  VC/lO. * 
I .. - . I  



bd 20.0 

START INJECTION INTO 
LE PRATA4 (WEC 31) 

16.0. 

_ ”  
, ,  1 

1 -- 
- 

10 .o 

S .O 

75 .o 77.5 80.0 E2.5 E5 .O 87.5 
0. 

9 
Y - 
w 

~ 

90.0 

, c 
e a 

w 

Figure 11. Production Forecast for Well 
Capriola (WCB8) with and .without 
Inj ect ion. (XBL 809-2810) .. 

I -  U E C 3 1  

vEaR 

Figure 12. Production Forecast for  W e l l  
L e  Prata 4 (WEC31). 
(XBL 809-11950). 



374 

u 
W 
Lo 
\ 
0 
Y 

W 
I- 

w 
a 

UCG 3 

7s .o 7 7 . 5  80.0 82.5 85 .O E? .S 90.0 

YEnR 

Figure 13. Production Forecast for Well 
Le Vasche (WCG3). (XBL 809-11949) 

U C P l 2  

YEFlR t 

t - 
L q  

Figure 14. Production Forecast for 
i 

Well Lustignano (WCP12). 
i 

(XBL 809-11948) 



375 
UER38 

I S . 0  77.s 0 82.6 85 .o 87.6 90 .o 

YER 

Figure 15. Production Forecast for Well VC/5 (WER38). 
(XBL 809-11951) 

Figure 16, Predicted Reservoir Pressures 
bi 

for January 1990. (XBL 809-2809) 
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2.851 MJ/kg. 

d ic ted  t o  drop by 24% from a value of 71.8 kg/sec i n  1975, t o  55.7 kg/sec i n  

1990. The dec l ine  f o r  ind iv idua l  w e l l s  v a r i e s  between 13.7% (Le Pra ta  4*,WEC3 

and 42.5% (Lustignano, WCP12) , with most w e l l s  dec l in ing  by approximately 20%. 

Generally, w e l l s  dec l ine  more r ap id ly  a t  g rea t e r  d i s tance  from the  two-phase 

zones. 

because t h e  r e se rvo i r  d r i e s  out i n  t h i s  region. The predicted pressure d is -  

t r i b u t i o n  f o r  January 1990 (Figure 16) resembles t h e  p a t t e r n  of  January 1975 

(Figure 5). 

which has been pushed t o  t h e  edges of t h e  modeled region. A comparison be- 

The aggregate production of a l l  w e l l s ,  excluding V C l l O ,  is pre- 

- 

The exceptionally s t rong  dec l ine  f o r  w e l l  Lustignano is p red ic t ed .  

$ 1  

The s t ronges t  s h i f t  occurs f o r  t h e  p = 3 MPa (= 30 bar )  contour, 

tween predicted and observed flow rates is planned 

present 

f o F  the period'from 1975 - 

A preliminary Gtudy of i n j e c t i o n  has been mad-. Approximately 20% of t h e  

produced steam is ava i l ab le  f o r  i n j e c t i o n ,  which is a r a t h e r  small amount. 

Assuming i n j e c t i o n  a t  a constant rate of q = 13 kg/sec, a t  a temperature of 

T = 3SoC, r e se rvo i r  performance is hard ly  d is t inguishable  from t h e  "no 

in jec t ion"  case. Figure 11 shows t h a t  i n j e c t i o n  i n t o  Le Prata 4 (WEC31) causes 

a s l i g h t  increase  i n  production rate f o r  t h e  neares t  w e l l  Capriola (WCB8) a t  a 

d is tance  of % 1 km. 

enhance f i e l d  product iv i ty  s ign i f i can t ly .  

posa l ,  i t  appears s a f e  t o  say t h a t  i n j e c t i o n  of t h e  s m a l l  amount of ava i l ab le  

condensate w i l l  have neg l ig ib l e  impact on f i e l d  performance. 

8. Conclusion 

Clearly,  much l a r g e r  i n j e c t i o n  rates would be required t o  

From the  poin t  of view of f l u i d  d is -  

The work presented i n  t h i s  paper demonstrates t h e  f e a s i b i l i t y  of f i e l d -  

wide d i s t r i b u t e d  parameter simulations of vapor-dominated geothermal reser- 

v o i r s  i n  geologically accura te  i r r e g u l a r  geometry. The simulated model is 
--. 
i 
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w 
self-consistent and shows semi-quantitative agreement with field data. We 

I .-- ,* 
believe that the simulation provides evidence for the validity of the physical 

model and mathematical methods used in the simulator SHAFT79. 

'The simulated field behavior stantiates a conceptual model of 

Serrazzano reservoir as a steam cap overlying 

with actual field behavior suggests a smaller volume of the boiling zone 

was previously assumed and/or incomplete heat transfer due to fractures at the 

margins, and significant upflow of steam .from depth through.fracttlre6. 

boiling aquifer. 

Application of numerical s$mulation for well-by-well production forecast- 

A brief study of injection of available condensate ing has been demonstrated. 

indicates negligible impact on field performaxice. ,-t  
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. 

specific heat of rock, J/OC kg cR 

5 
H thickness of reservoir, m 

thermal conductivity of rock, W/m°C 

k absolute permeability, milliDarcy (e 10 m ) 

/ 

-15 2 

relative permeability of liquid, fraction 

relative permeability of steam, fraction 

length of elementary reservoir units, m 

'liquid 

steam k 

L 

P pressure, Pascal or bar (s 10 Pascal) 5 

Q fluid production, kg 

4 

r 

rate of fluid production, kg/s 

parameter for relative permeability functions, 
dimensionless 

S volumetric vapor saturation, fraction 

T temperature, OC 

t time, s 
3 rock density, kg/m PR 

cp porosity, dimensionless 
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1. In t roduct ion  

Reinject ion of spent geothermal f l u i d s  becoming a common means 

1. In genera l ,  i n j e c t i o n  of geothe 1 br ine  has been .. 
out ,  major problems whenever the  f l u i d  i s  in j ec t ed  

l a rge  f r a c t u r  Descr ipt ions of long-term in j ec t ion  have been made i n  

Chasteenl descr ibes  the  in j ec t ion  at  t he  Geysers f i e  ous repor t s .  

and a t  Valles Caldera (Baca). 

have in j ec t ed  a t  t h  eyse r s ,  and during long-term tests a t  Baca ~ 

thousands of tons of produced geothermal f l u i d s  have been r e in j ec t ed .  

Since 1969, mi l l i ons  of tons of condensate 

, Eina r s son ,e t  al3, and Witherspoon4 reported i 

a t  Ahuachapan, E l  Salvador, where over sev 

been . in j ec t ed  s ince  1970. 

f l u i d s  a t  Otake, Japan. 

by a l l e r  s c a l e  d i s p  

taken place i n  Hilo,  H a w a i i ;  Lardere l lo ,  I t a l y  

Cal i fornia6.  

i n  e x i s t i n g  f r a c t u r e s  - 

Kubota and Aosaki5 de 

More than e igh t  m i  

I n  a l l  of t hese  examples t h  

_ -  

a t i o n s  t h a t  do When r e i n j e c  6 been attempted i n t o  geological  

not have l a rge  f r a c t u r e s ,  t h e  br ine  d isposa l  has been less successful .  A t  

r a b l e  problems were encountered, pa r t i cu  

e o ther  hand, enormous amou 

l y  during i n i t i a l  

6 of b r ine  have-b 

i n t o  porous aqu i f e r s  and r e s e r v o i r s  around the  world. In  the  Gylf S t a t e s ,  
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water t h a t  is produced from gas and o i l  w e l l s  is  disposed of  i n  r e l a t i v e l y  - 
shallow aquifers8.  In  numerous cases  around the  world, o i l  i s  recovered LJ 
using the  secondary recovery method of waterfloodingg. 

examplelo, 4.2 mi l l i on  b a r r e l s  per  day of sea water were in jec ted  i n  a 

water-flood pro jec t  i n  Saudi Arabia. Numerous t e r t i a r y  steam flooding p r o j e c t s  

are underway t o  recover high v i s c o s i t y  crude. 

t he  b r ine  t h a t  i s  produced during o i l  production, and i n  one pro jec t  up t o  

80 thousand tons per day of b r ine  has been recovered, vaporized, and in j ec t ed .  

In  a s ing le  

Some p ro jec t s  are reclaiming 

Although in j ec t ion  of f l u i d s  has been a common p rac t i ce  i n  both t h e  

o i l  and gas industry,  and i n  the  d isposa l  of i n d u s t r i a l  waste water, t he  

geothermal experience is  not as extensive.  Temperature e f f e c t s  must be con- 

s idered i n  geothermal i n j e c t i o n  which are not usua l ly  important i n  o i l  and 

i n d u s t r i a l  appl ica t ions  (except steam flooding) .  Not only are the re  b r ine  

chemistry problems, such as s i l i c a  depos i t ion ,  bu t  a l s o  s i g n i f i c a n t  r e se rvo i r  

problems, such as cold water break-through, which must be resolved p r i o r  t o  

geothermal in j ec t ion .  

One of t he  objec t ives  of t a s k  3/6 was t o  study the  problems encountered 

and experience required i n  d i f f e r e n t  geothermal f i e l d s .  

The d a t a  on r e i n j e c t i o n  i n  vapor-dominated systems mainly come from 

Larderel lo .  Reinject ion is  of utmost inportance in  t h i s  f i e l d  because of t he  

decrease i n  production detected i n  var ious  productive a reas  as  a consequence 

of more than 50 years  of exp lo i t a t ion .  Studies  of t h i s  f i e l d  are a l s o  of 

i n t e r e s t  as it is  considered the  only example of an "ageing" steam f i e l d ,  

where the  problem of maintaining production becomes p a r t i c u l a r l y  c r i t i c a l .  

Reinject ion i s  considered as  a means of ex t r ac t ing  heat  from the  geothermal 

r e se rvo i r .  

a ,  

Reinject ion has been c a r r i e d  out  i n  per iphera l  aqu i f e r s  on the  sou t i e rn  

margin o f  the  f i e l d  (Lago, Monterotondo) s ince  1974, i n j e c t i n g  small flow 
\ 
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rates (30-80 m3/h). 

and f l u i d  c h a r a c t e r i s t i c s  of the  wells nearest  t he  in j ec t ion  points.  

q u a n t i t i e s  o f ’  in jec ted  water are be l ieve  

cold water flowing toward t h e  steam f i e l d .  

No v a r i a t i o n  w a s  noted i n  the i t rend  of production rates 
S I  b.’ Th 

mix with much l a rge r  

Systematic i n j ec t ion  test 

t h e  ins ide  o he productive areas began only recently;  however, 

ra l  shor t  tests have been run i n  the  pas t ,  and occasion 

0 m3/h of water was  in jec ted  i n t o  the  r e se rvo i r  ove 

d r i l l i n g  operations i n  the  deepest wells. In some cases pr 

accura te ly  monitored i n  t surrounding zone. 

The most important points o r ig ina t ing  from these tests are: 

- note  reases i n  steam production were recorded i n  the  wells 

neares t  t e c t i o n  w e l l ,  when in j ec t ion  took 

l aye r s  of the  r e se rvo i r ;  

t h e r e  were no not iceable  e f f e c t s  on the  quant i ty  and c h a r a c t e r i s t i c s  

of t he  f l u i d  produced when in j ec t ion  took place at  depth. The depth 

l i m i t s  f o r  t h i s  change vary from zone t o  zone and are always easy t o  

def ine ;  t h e  d i f f e r e n t  i n j ec t ion  depths can only be i d e n t i f i e d  when using 

- 

completed wells of varying depths i n  t h e  same area o r  when inse r t ing  the  

casings during d r i l l i n g  operations.  

Another c h a r a c t e r i s t i c  of t h e  Lardere l lo  f i e l d  which i s  important i n  connection 

with t h e  r e i n j e c t  

superheated steam only i n  the  pore volume. 

t h e o r e t i c a l  an 

3 12, G r  ingar t en 

et a l l3 ,  Kasameyer and Schro 

examined t h e  temperature behavior of flow through f rac tures .  

, and Bodvarsson and Tsang15 have a l l  

Gringarten and 
W 
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- L, Sauty16 , Kasameyer17 , Tsang and Tsang18, Lippmann et a l l9  , and numerous 

o the r s  have s tudied d i f f e r e n t  aspects  of production and i n j e c t i o n  i n  porous 

r e se rvo i r s .  

Although the  bas ic  i n j e c t i o n  phenomena are known, t he re  are many t echn ica l  

and economic problems s t i l l  remaining t h a t  t he  geothermal engineer must contend 

i c u l a r  f o r  aqu i f e r s  t h a t  are not f r a c t u r e  dominated. For example, 

t he  amount of p a r t i c u l a t e s  can be a c r u c i a l  f a c t o r  i n  the  cost of i n  

f r a c t u r e s  are not present ,  as they tend t o  c log the  formation and t h e i r  removal 

through t h e  use of sand separa tors ,  spec ia l  w e l l  completions, and in- l ine  

f i l t e r i n g  is expensive. 

e f f e c t  on t h e  i n j e c t i o n  system, s ince  a system t h a t  r e s u l t s  

t h e  f l u i d  t o  be in j ec t ed  can r e s u l t  i n  s e r ious  corrosion problems. The necessary 

treatment t o  prevent excessive corrosion w i l l  again have an important impact on 

cos t .  

Also t h e  b r ine  u t i l i z a t i o n  scheme can have an important 

ygenation of 

There are s i g n i f i c a n t  environmental f a c t o r s  assoc ia ted  with t h e  i n j e c t i o n  

of f l u i d s ,  and i n  a previous sess ion  of t h i s  meeting some of these  f a c t o r s  , 
( 

were discussed. Induced se i smic i ty ,  con t ro l  of subidence, geochemical b r ine  

incompat ib i l i ty ,  chemical treatment methods, and the  environmental po l lu t ion  

of  groundwater ( i n  the  case of shallow aqu i fe r  i n j e c t i o n )  are a l l  quest ions 

--although s i te  specif ic-- that  requi re  add i t iona l  study before  a fu l l - sca l e  

i n j e c t i o n  p ro jec t  begins. 

The problems of i n j e c t i o n  wel l  t e s t i n g ,  p a r t i c u l a r l y  i n  t h e  case of a 

bo i l ing  reservoir f l u i d  o r  f r a c t u r e  flow, are numerous and mostly unresolved. 

Recent studies20s21 have defined some of t he  important phenomena. 

In  addi t ion  t o  t h e  problems assoc ia ted  with the  b r ine  chemistry,  t he  

r e se rvo i r  environment, and wel l  t e s t i n g ,  t h e r e  are a l s o  s i g n i f i c a n t  f i e l d  

management problems. 

u t i l i z a t i o n  of t he  resource.  The number of w e l l s ,  t he  w e l l  pa t t e rns ,  t he  

These problems are r e l a t e d  t o  t h e  opt imizat ion i n  t h e  



385 

amount of f lu id  injected,  and the temperature of 

chosen,to provide a minimum cost for pipelines,  .pumps, and wells. A t  the  same 

time, the  reservoir  pressure d vapor saturat ion for  d 

heat t ha t  i s  captured from the rocks must be maximized by the inject ion without 

premature cool-water breakthrough 

in jec t ion ,  and the 1 

has been reported 'by Gringarten 

e injected f lu id  must a l l  be . .  

hsi 

"sweep" of heat from the ro 

duction tha t  can be real ized 

l6 ,- Nathenson21 , Kasameyer and 

Schroederl4, for  example. 

The ava i l ab i l i t y  of large-scale multidimensional and multiphase 

numerical reservoir  simulators makes it possible t o  study the reservoir  

'flow phenomena, well test behavi f i e ld  management problems, and some of 

h injection. Re 

22, Pr i t che t t ,  e t  and Pruess20, and others 

tha t  the application l a t ion  t o  geothermal 

in jec t ion  i s  a very f r u i t f u l  appro 

The purpose of the present 

phenomena associated with geotherma 

with i t s  numerical simulation and t o  present the results of s 

studies.  

he basic phys 

inject ion,  t o  discuss problems assoc 

erica 

The par t icu lar  problems chosen for study are:. 

), inject ion of t o  a t h in  (s ingle  layer) reservoir;  

(2) a five-spot production/injection " -  co 

layer) reservoir ;  

inject ion of cold water i n to  a thick (multi-1 (3) 

. ,(4)' in jec t ion  of cold water in to  a one-dimension 

ion of t a rde re l lo  g representing a cro 

ese four problem 
, 1  &I case only one set of reservoir  p meters is 'considered. However, they 



386 

a means of assessing the  accuracy of s imulators  such as SHAFT7924 

i n  6OlVing i n j e c t i o n  problems and i n  q u a n t i t a t i v e l y  d iscuss ing  the  most 

important physical  phenomena which occur. 

2. In j ec t ion  Physics 

In  t h i s  s ec t ion  the  physics of t h e  flow during i n j e c t i o n  of f l u i d s  i s  

reviewed i n  two pa r t s .  The f i r s t  pa r t  dea l s  with i n j e c t i o n  i n t o  a r e s e r v o i r  

t h a t  can be approximated a s  a uniform porous medium f o r  which Darcy's Law is 

a good approximation, and the  second pa r t  dea l s  with flow i n  a r e se rvo i r  

i s  dominated by one o r  more la rge  f r ac tu res .  The d i f fe rence  between 

flow i n  a porous matr ix  and a f rac tured  matr ix  is important f o r  

and hydrodynamic phenomena. In  a porous ma te r i a l ,  t h e  temperature of t he  

the pores i s  always c lose  t o  t he  temperature of t h e  porous matr ix .  

In  homogeneous porous This i s  not necessa r i ly  t h e  case i n  f rac tured  media. 

media t h e  hydrodynamic flow is  slow and o f t en  approximately i so t rop ic .  

f rac tured  rock, t h e  flow can reach turbulen t  v e l o c i t i e s  i n  the  f r ac tu res  

aqd, i n  general ,  f r ac tu re  flow i s  not i so t rop ic .  

In  

. L wnen a r:LuLa OK L e m p e r a L u r e  11 is injeccea into a porous rocic rormaEion 

of temperature Tq,  two f r o n t s  begin t o  move away from the  i n j e c t i o n  point .  

The two f r o n t s ,  shown i n  Figure 1, are the  hydrodynamic f r o n t ,  which occurs 

a t  t h e  f a r t h e s t  d i s tance  t rave led  by in j ec t ed  f l u i d ,  and t h e  thermal f ron t  

where temperatures jump from T1 t o  T2. 

Bodvarssonl2 solved t h i s  problem f o r  l i n e a r  one-phase flow very  e l egan t ly ,  

and seve ra l  o the r s  have done so f o r  r a d i a l  flow. 

Kasameyer17 showed t h a t  i n  a l i q u i d  sa tu ra t ed  r e s e r v o i r  a p a r t i c l e  of t he  

in j ec t ed  l i q u i d  remains a t  temperature T1  for  an i n t e r v a l  of time given by 
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T 
A t  =- t 

T1 1 - 7  P 
(1) 

where tP is the t i m e  ( a f t e r  the inject ion began) t h a t  the par t ic le  was 

injected and 7 i s  the r a t i o  of "thermal masses" given by 
~ 

6P fCf 

+PfCf + (1 - 4)PrCr 
T =  (2) 

Here + is  porosity, P is density,  and C i s  the specif ic  heat capacity. The 

subscripts f and r r e fe r  t o  f lu id  and rock,-respectively. 

media, 

For typ ica l  porous 

A t  NN 0.25 t 
T1 P 

f 

This r e s u l t  is applicable i f  the injected l iquid moves with a sharp front 

(pis ton displacement). The r a t io ,  7 ,  can a l so  be shown t o  give the r a t i o  

of the injected volumes behind the thermal and hydrodynamic fronts  

respectively,  tha t  is 

= T  
vT1 

'hydro 
(3)  

When cool l iquid is injected in to  a porous rock tha t  is fu l ly  saturated 

with a two-phase f lu id  having steam saturat ion SI, the hydrodynamic front 

can be ra ther  broad. 

t ion ,  and pressure increase i n  the two-phase zone, giving rise t o  outward 

flow of mobile water outside of the swept volume. 

The injected f lu id  causes steam compression, condensa- 

In a par t icu lar  problem studied by O'Sullivan and Pruess20, the thickness 

of the zone where l iquid water saturat ion changes from 1 to  the undisturbed 

value of .8 turned out t o  be abou-t half  an order of magnitude in  the s imi la r i ty  

var iable  t /R2 .  

phase reservoir  i s  derived in  the appendix. 

A formula analogous t o  (3)  above for  in jec t ion  in to  a two- 
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The v i s c o s i t y  of  f l  including water--is s t rongly  dependent upon W 
temperature. This r e s u l t s  i n  seve ra l  h p o r t a n t  phenomena when the  i n j e c t i o n  

from t h e  temperature of " t h e  country 

rock, Tp. Tsan ade seve ra l  numer ies of t h e ' e f f e c t s  of 

i n j e c t i o n ,  and Lippmann et  a l l 9  used r e se rvo i r  simulation t o  study s ingle-  

phase v i s c o s i t y  e f f e c t s .  O'Sullivan and' Pruessp0 have obtained similar', 

resul ts  f o r  a two-phase example s u i t s  obtained by Tsang and Lippmann 

show t h a t  a t  e a r l y  times during i n j e c t i o n  of cold water t h e  pressure response 
I '  

at t h e  i n j e c t i o n  well is  determined by the  v i s c o s i t y  of t he  r e se rvo i r  f l u i d  a t  

temperature Tp. The-response then quickly unde rgoes ' a ' t r ans i t i on  t o  a s t eepe r  

growth rate determined by the  much higher  v i s c o s i t y  of the  cold in j ec t ed  - 

, f l u i d .  .Recent r e s u l t s  f o r  t he  two-phase cas re reported below. 

In  addi t ion  t o  the  v i s c o s i t y  e f f e c t 6  there  are a l s o ' e f f e c t s  due to  

t h e  d i f f e r e n t  f l u i d  dens' i t ies at temperature T i  and Tp. 

above we have assumed t h a t  t he  flow is r a d i a l  away f r d  the  in j ec t ion  w e l l ,  and 

uniform with depth i n  

I f l u i d s  with temperatur 

fn the 'd i scuss ion  

e e f f e c t  of d i f f e r e n t  d e n s i t i e  

T i  and Tp i s  t o  have the  heavier  f l u i d  g r a v i t a t e  t o  

the .bottom of the  r e se rvo i r .  During i n j e c t i o n  t h  e i u l t s  i n  a f ron t  t h a t  

more and .more inc l ined:  ihown In  Figure !2; ' injection of  cool  f l u i d  

o i r  r e s u l t s  i n  a thermal f ron t  

NathensonSf approximated *the of t h e  r e se rvo i r .  

d e n s i t y  of t he  l i q u i d  and steam. 

numerically f o r  two-phase r e se rvo i r s  and w i l l  be covered i n  d e t a i l  below. 
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(s;i The e f f e c t s  of the  thermal conduct ivi ty  of rocks and water have been 

a subjec t  of study by nume The consensus opinion i s  t h a t  t he  

conduct ivi ty  of the  rock is  so low-even when f u l l y  sa tura ted  with liquid-- 

t h a t  i n  most cases the  broadening of the  thermal f ront  due t o  heat  flow i n  

f ron t  of the  invading cold water can be neglected.  

thermal conduct ivi ty  does not play an important r o l e  i n  geothermal 

s modelers. 

That does not mean t h a t  

processes,  however. The hea t  l o s ses  over l a rge  boundaries--particularly 

from a t h i n  aqui fe r  (reservoir)--can be appreciable .  The v e r t i c a l  temper- 

a t u r e  p r o f i l e  near  the  ground sur face  in  a very th i ck  geothermal r e se rvo i r  

i s  governed by conduction e f f e c t s .  

considerat ion fu r the r .  

We w i l l  not d i scuss  t h i s  s p e c i a l  

There are two add i t iona l  physical  phenomena t h a t  play an important pa r t  

i n  the  development of hydrodynamic and thermal f ron t s .  One is  the  "fingering" 

e f f e c t  t h a t  develops when the  invading f l u i d  and i n  s i t u  f l u i d  a r e  miscibleZ6. 

In  the  case of a cool b r ine  invading hot b r ine ,  t h i s  considerat ion has 

importance only with respec t  t o  the  f l u i d  chemistry of t he  l i qu ids .  

due t o  the  f a c t  t h a t  t he  mixing occurs at the  hydrodynamic f r o n t ,  and hence 

has only chemical not thermal s ign i f icance .  

This is  

However, i n  t he  case of l i q u i d  i n j e c t i o n  i n t o  a two-phase f l u i d  t h e  

m i s c i b i l i t y  and phase i n t e r a c t i o n  of water and steam might r e s u l t  i n  consider- 

ab le  broadening of the  bo i l ing  zone ahead of t he  hydrodynamic f r o n t .  

Figure 3 we show an example of f inger ing  taken from Blackwell, e t  alZ6. 

Although the  f l u i d s  i n  t h i s  example are not water and steam, t h e  

In 

phenomenon i s  common t o  any misc ib le  f l u i d s  and becomes more s i g n i f i c a n t  as 

the  d e n s i t i e s  and r e l a t i v e  permeabi l i t i es  of t h e  two miscible  f l u i d s  become 

increas ingly  d i f f e r e n t  (e.g. ,  water and dry steam). 

steam a r e  i n t e r a c t i n g  phases obviously complicates the  ana lys i s  of t h i s  

The f a c t  t h a t  water and 

e f f e c t  . 
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Figure 2.  Injection of col  0 a thick reservoir. 

I 
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The second consideration, with regard t o  f ronta l  advance, i s  hydrodynamic 

dispersion which applies t o  both the thermal and hydrodynamic fronts. 

the  advance of a l iquid in to  a two-phase f lu id ,  the well-known phenomenon of 

hydrodynamic dispersion27 might I play a s ignif icant  secondary ro l e  in  the 

spreading of the moving two-phase zone ahead of the hydrodynamic front. 

Hydrodynamic dispersioa r e su l t s  i n  a spreading of the thermal -front a l so  

(usually referred t o  as thermal dispersion28) . 
been spent in  studying dispersion of species concentrat ion29. 

less-has been accomplished i n  modeling or  analysis of thermal dispersion. 

Hydrodynamic dispersion of a liquid/two-phase interact ion is a t o t a l l y  new 

For 

Considerable e f for t  has 

But much 

consideration and t o  our knowledge has not been investigated. 

2.2 Fractured Matrix 

Some of the e f f ec t s  discussed above are applicable for  inject ion in to  

fractures .  However, there  are a number of special  considerations tha t  are . 

peculiar t o  hydrothermal flow i n  fractures .  

phenomenon is the anisotropy of the flow tha t  is  related t o  f racture  

The most important f racture  

or ientat ion.  

necessi ta te  modeling the detai led anisotropic flow. 

Kasameyer and Schroeder14, and others have investigated the f lu id  and 

heat flow i n  dis t r ibuted fractures .  They have shown t h a t  there i s ' a  range 

of f racture  spacing and aperture over which the rock behaves l i ke  a porous 

anisotropic medium. 

Outside tha t  range of f racture  spacing and aperture the fractures.must be 

modeled, taking in to  account both t h e i r  o r ien ta t ion  and hydrothermal response. 

For example, the numerical r e s u l t s  for  plane, pa ra l l e l  f ractures  indicate 

It should be noted tha t  the  presence of f ractures  does not 

Warren and Root30, 

. 

In t h i s  range the f rac ture  or ien ta t ion  i s  irrelevant.  ' 

tha t  for typical  geothermal rocks the fractures  can be very widely spaced, - 
>50 m say, while s t i l l  displaying the thermal behavior of an equivalent , c., 
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porous medium. 

equivalent porous rock are  very d i f f i c u l t  t o  estimate or ver i fy ,  which 

teduces the  pract i c a l  value 

The material  parameters-porosity and permeability-for the W 

hese observations; 

spacing and aperture can be estimated from .dr i l l ing,  coring, and tes t ing ,  

then the  appropriate modeling approach can be chosen. 

When the fractures  must be modeled as discre te  channels, both the f lu id  

flow and heat flow fromZhe rock- to  the f lu id  must be modeled accurately. 

The $f lu id  flow in  p a r a l l e l -  smooth planar channels was shown t o  follow the 

(4) 
, : w Ap . 

!/rW 
- -  . I  I -  

fo r  radial '  flow. Witherspoon et  a131 have shown tha t  t h i s  re la t ionship 

holds f o r  rough 

stresses across  the fracture  faces 

viscosi ty ,  p i s  pressure, r i s  radius,  and Q is flow rate. 

i r regular  f ractures  even for  d i f fe ren t  e f f ec t ive  applied 

The Subscripts 

e and w r e f e r  t o  a reference radius and t o  the wellbore radius,  respectively.  

This r e su l t  h g g e s t s  t ha t  a "fracture permeability" should be defined t o  

be 3 / 1 2 .  *'Equation (4) holds only for  r e l a t ive ly  impermeable rock. 

rock has some matrix permeability and "leaks" f lu id  ih to  the fracture ,  

equation'  (4) no "longer holds t rue  

I f  the 

The heat flow from the rock t o  the f lu id  moving between plane pa ra l l e l  

p la tes  has been approxiuiated i n  s tud ies  of the:heat t ransfer  properties of geo- 

The important observation is  tha t   thermal fractures  by numerous investigators.  

a hydrodynamic and-thermal f ront  w i l l  not-move"out r ad ia l ly  from an inject ion 

- w e l l  when flow is predominantly through f rac tures .  Bodvarsson and T ~ a n g ~ ~  
/ 

have begun numeiical s tudies  of these phenomena €or both-l iquid flow and two- 

phase flow.' When flow is  through ver t ica l '  f ractures  the gravi ta t ional  e f f e c t s  

wi l l -be  important while the e f f ec t s  of misc ib i l i ty  and dispersion are not. 

b.' 

i '  i ~ 
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L d  3. Numerical Simulation of In j ec t ion  

3.1 "Front-Dominated" Problems 

From t h e  point  of view of numerical modeling, t h e  problem of the  i n j e c t i o n  

of cold water i n t o  two-phase or steam zones i s  dominated by the  movement of  

f r o n t s  (see Figure 1). As discussed i n  sec t ion  2, t h e r e  i s  a hydrod 

f ron t ,  which separa tes  t he  more d i s t a n t  p a r t s  of t h e  r e se rvo i r  from those  

swept by the  in j ec t ed  water, and t r a i l i n g  behind t h i s  i s  a thermal f ron t  

where t h e  in j ec t ed  f l u i d  makes a t t a n s i t i o n  from rese rvo i r  temperature t o  

i n j e c t i o n  temperature. It i s  near  these  f r o n t s  where the  s i g n i f i c a n t  

changes occur. 

which are employed i n  numerical himulators,  

The methods of s p a t i a l  d i s c r e t i z a t i o n  and volume averaging, 

e inherent  l i m i t a t i o n s  f o r  

front-dominated problems. 

i n  some d e t a i l .  

The shortcomings of these methods are now discussed 

Subsequently it is  shown, by way of numerical experiments 

as well  as a n a l y t i c a l  methods, t h a t  s imulat ion nonetheless y i e lds  s a t i s f a c t o r y .  

r e s u l t s  i f  executed ca re fu l ly .  

For one-dimensional r a d i a l  i n j e c t i o n  i n t o  a two-phase reservoir the  

s i t u a t i o n  is  charac te r ized  at a l l  times by a cold zone around t h e  i n j e c t i o n  

w e l l ,  surrounded by a swept zone c lose  t o  o r i g i n a l  r e se rvo i r  temperature. 

Outside of t h i s  swept zone, some condensation takes  place which i s  accompanied 

by s l i g h t  temperature and pressure  increases  and outward flow. 

of f i n i t e - d i s c r e t i z a t i o n  modeling of  t h i s  process is caused by t h e  f a c t  t h a t  

f o r  some period of t i m e  t he  separa t ion  between hydrodynamic and thermal f r o n t s  

i s  less than the  g r i d  spacing. 

having a lower temperature. 

inward, toward t h e  hydrodynamic f ron t .  Actual ly ,  t h e  flow induced by co 

i n j e c t i o n  i n t o  a two-phase system is outward, away from the Cnjection w e l l  at 

a l l  times ( see  below). 

The bas i c  

Therefore, t h e  hydrodynamic f ron t  is modeled as 

This causes a spurious flow from t h e  ou te r  zone 

In mathematical terms, t h e  d i f f i c u l t ' i e s  arise from t h e  f a c t  t h a t  t h e  

appl icable  mass-and-energy-ttansport equat ions are usua l ly  predominantly 
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d i f f u s i v e  (parabol ic )  i n  na tu r  t d i sp lay  s t rong1 onvective (hyperbol ic)  

n the  v i c i n i t y  of t h e  f ron t s .  It is  w e l l  

when solved on a d i s c r e t e  s p a t i a l  mesh, are subjec t  t o  much 

own t h a t  hyperbolic 
W 

s t ronger  numerical d i spers ion .  

. .  

and most bas i c  i n j e c t i o n  problem involves one-dimensional 

h i n  r e se rvo i r .  have used var ious  g 

(AR = 0.5 m, 1 s imula te  the '  problem defined i n  Table 1. 

Figures 4 and 5 compa e simulated r e s u l t s  with semi-analytical  so lu t ions  
4 

+ 

l a r i t y  so lu t ion  method ( re ference  20). 

ment f o r  vapor sa tu ra t ions  and pressures .  The 

There 

r t h e  temperature f r o n t ,  which is  

been smeared out  considerably.  The g r i d  

AR = 1 m. Figure 6 shows t h a t  g 

" s i g n i f i c a n t  improvement i s  obtained f o r  a g r i d  spacing of .5 m. 

i n  s p i t e  of the  problems noted above, 

i d  block. This 

water has a temperature intermediate  between the  i n j e c t i o n  teniperature and t h e  

a r i g i n a l  r e s e r v o i r  temperature. 

U 

The second g r i d  block experiences a sequence 



TABLE 1: Parameters used in  In j ec t ion  Simulation 

PROBLEM 

FIVE-SPOT " l-D RADIAL 2-D VERTICAL PARAMETER 

Rock dens i ty  P r  (kg/m3) 

.Rock s p e c i f i c  heat C r  ( J/kg°C) 

2600 2600 

770 755 

2600 

755 

2 .o 2.1 2.1 Rock heat conductivity Kr (W/m°C) 

15 10 10 

240 40 40 

Porosity Q (XI 

Permeability k (10-15 m2) 

Residual immobile water sa tu ra t ion  Sm, * 
Residual immobile team s a t u r a t i o n  Sgc * 
Reservoir thickness (m) 

I n i t i a l  r e se rvo i r  temperature (OC) 233.8 

I n i t i a l  vapok s a t u r a t i o n  (%I 

.30 .40 .40 

.05 0.0 0 .o 

1 10 100 

240 240 

20 75 75 

In j ec t ion  enthalpy (J/kg) 421938 147000 ' . 138300 

33.0 

6.0, 15.0 
. .  

40.0 In j ec t ibn  temperature (OC) 100.1 

In j ec t ion  rate (kg/eec) A0358 0.0, 0.025, 0.05 

Production rate (kg/sec) --- 0.025 -- 
*Corey's equations as given i n  Equation 5 were used for 

. .  
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1.7 

1.6 

, Figure 4. Flowrate and saturation profiles for injection of cold 
water into a two-phase reservoir. Similarity method- 
results*O are shown - and SHAFT79 results as 0. 

3.3 

n 
P 9 3.2 
Y 

, s 
U J  

a- 

3.0 

- i  

Figure 5. Temperature and pressure profiles €or injection of cold 
water into a two-phase reservoir. Similarity method 
results*O are shown as - and SHAFT79 results as 0 
for pressures and 0 for temperatures. 
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of events  similar t o  the  f i r s  nflow from the  well  

block occurs  a t  somewhat lower temperature,  causing temperature and pressure 

i n  t h e  second g r i d  block t o  drop and inducing inward flow from the  t h i r d  

&I, 

low reverses  a f t e r  t h e  second g r id  block makes a phase t r a n s i t i o n  

t o  l i q u i d  condi t ions ,  and the  process continues i n  the  t h i r d  g r i d  block. 

Due t o  repeated contact  with the  rock and mixing with f l u i d  of o r i g i n a l  r e se rvo i r  

temperature,  t h e  temperature of t h e  hydrodynamic f ront  increases  a6 it moves on 

from g r i d  block t o  g r i d  block. 

diminishes i n  the  process,  u n t i l  i t  f i n a l l y  disappears  e n t i r e l y .  The advancing 

The amplitude of the  spurious inward flow 

hydrodynamic f ron t  causes some steam t o  compress and condense, thus increasing 

temperatures s l i g  y above o r i g i n a l  r e se rvo i r  temperature. In  the  s imulat ion,  

we observe t h a t  t h e  hydrodynamic f ront  a t  la te  times experiences a temperature 

increase  of AT = .374 OC. condensation of the  steam present  

i n  t h e  swept volume a simple heat  balance ca l cu la t ion  gives  a temperature 

increase  of AT = .381 C ,  i n  very good agreement with the  simulated value.  

We be l i eve  t h a t  t h e  outward flow (mostly water) caused by the  condensation- 

process i s  responsible  f o r  t h e  very d i f f u s e  hydrodynamic f ront  seen i n  t h e  

s imulat ion.  Comparison with t h e  s i m i l a r i t y  s t i o n ,  Figure 4, shows t h a t  t h i s  

r ep resen t s  a "real" e f f e c t ,  not an a r t i f a c t  o 

hydrodynamic f ron t  i s  so d i f f u s e ,  good r e s u l t s  can be obtained, even f o r  a l a rge  

Assuming comple 

0 

he simulation. Because the  

spacing of  A R =  4 m. The temperature f ront  on the  o ther  hand is very 

harp,  and subjec t  t o  much s t ronger  numerical d i spers ion  (see Figure 5 ) .  For 

completeness, we mention t h a t  a r a t h e r  sharp hydrodynamic f ront  w i l l  occur i n  

t h e  case  where t h e r e  i s  no mobile l i qu id  water 

Further  i n s igh t  i n t o  t h e  s can be obtained from a considerat ion 

of t / R 2  invariance,  Consider a g r id  with spacing i. It is easy 
i 

~ -h.l 
I I 

from t h e  d i s c r e t i z e d  mass- and energy-transport  equations t h a t  t he  e n t i r e  

s imulat ion ca l cu la t ion  f o r  r a d i a l  geometry i s  invar ian t  under the  t ransformation:  

1 
1 
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ARi -> ARit = gARi 

A t k  -> A t k t  = L A t k  2 

I f  a l l  r a d i i  i n  the  g r i d  are scaled by a f ac to r  L, and a l l  t i m e  s t eps  

are scaled by a f ac to r  €2, t h e  numerical simulation produces iden t i ca l  

r e s u l t s ,  element fo r  element and t i m e  s t e p  fo r  t h e  step. 

t h i s  is t h a t  i n  the  f i n i t e  d i f fe rence  equations t i m e  s t eps  and volumes 

appear only i n  the  coinbination A t / V i ,  and t h a t  t he  flow terms contain ' 

geometrical. f ac to r s  i n  the  form A i j / ( d i  + d j ) .  

area between g r id  blocks i and j ,  and d i  and d j  are the  respec t ive  d is tances  

of t he  nodal points from t h e  in t e r f ace .  

The reason f o r  

Here A i j  is t h e  in t e r f ace  

Whereas the  so lu t ion  t o  the  

e n t i a 1  equations is  s t r i c t l y  dependent upon t / R 2 ,  t h e  so lu t ion  of t he '  

difference equations has t h i s  property only approximately. A t  different  mesh 

poin ts  t he  so lu t ions  at  t i m e s  chosen t o  give the  same t / R 2  value are not 

i d e n t i c a l  because of  t he  t h e  dependence of numerical dispersion. 

explained above, simultaneous sca l ing  of both the  t i m e  s t eps  and t h e  g r i d  

produces a "discrete" t / R 2  invariance.  

However, as 

We have v e r i f i e d  the  above mentioned invariance proper t ies \of  t h e  

d i f fe rence  equations e x p l i c i t l y  by means of numerical simulation. 

r e s u l t s  a t  t 4 .m are i d e n t i c a l ,  . 

element fo r  element, with r e s u l t s  at  t = 40,000 sec for  a g r i d  with spacing 

AR = 2 m. 

g r i d s ,  i n  t h e  following way. 

with AR = 2 m were used t o  i n i t i a l i z e  the  simulation with t h e  AR = 1 m g r id  

Simulated 

160,000 sec f o r  a g r id  with spacing A 

This property was then used t o  obta in  simulations f o r  t h e  f i n e r ,  

Simulated r e s u l t s  at t = 160,000 sec fo r  a g r i d  

at t = 40,000 sec, and s i m i l a r l y  fo r  t h e  AR = .5 m g r id ,  

The appendix presents  a simple lumped model fo r  computing the  movemeqt 

of  hydrodynamic and thermal f ron t s .  From Equations (A.4,  A.3) we compute, f o r  
fi 

t = 1.6 x lo5 sec, a rad ius  of t he  swept zone, Q = 28.31 m. l . _  A t  t h '  L 
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rad ius ,  simulated steam s a t u r a t i o n  i s  11.3 % (see Figure 61, which is c lose  

t o  t h e  mean of 0 X and 20 %.- The s l i g h t  devia t ion  occurs because the  hydro- 

dynamic f ron t  is spread out  i n  an asymmetric way, with the  inner  par t -  being 

s t eepe r  than the  outer  pa r t .  

not included i n  our lumped model, which i s  caused by water flowing outward 

The spreading i s  a "true" physical  phenomenon, 

ou t s ide  of t h e  swept volume, as a consequence of condensation-induced 

pressure increase.  From Equation (A.4) t h e  lumped model p red ic t s  a / radius  

o f  t he  cold zone, &old = 6.14 m. A t  t h i s  radius ,  simulated temperature  is 

167 OC (AR = 0.5 m g r i d ) ,  which is  the  exact,me between in j ec t ion  

temperature and o r i g i n a l  r e se rvo i r  temperature ;'.a - 
In  summary we conclude t h a t  comparisons with the  s i m i l a r i t y  so lu t ion  

method and'use of.  var ious  g r i d  spacings demonstrate t h a t  numerical s imulat ion 

o f  i n j e c t i o n  can produce accurate  r e s u l t s .  Further  i n s igh t  i n t o  t h e  workings 

and appl i c a b i l  it f numerical simulation f o r  i n j ec t ion  problems i s  obt  

a lumped parsmete 

t h e  governing equat ion 

approximation, and from the  invariance p rope r t i e s  of 

i n  f i n i t e  d i f f e rence  form. 

I 

I ' The r e s u l t s  given i n  Figures  4 - 7 simple constant  rate ' 

i n j e c t i o n  test. 

straight l i n e  sec t ions  (Figure 7) .  

h o t ' w a t e r  and t h e  second t o  t h e  movement of cold water.  

t h e  mobi l i ty  o f  the water can e a s i l y  be ca lcu la ted .  

poss ib le  f o r  production tests i n  two-pha 

changes during t h e  course of t h e  test an 

The semilog p l o t  of the  build-up curve shows tko 
i 

The f i r s t  corresponds t o  movement of' 

In  e i t h e r  case , ;  

. 

, I  

This i s  not genera l iy  

r e s e r v o i r s  s ince  t h e  mobi l i ty  

depends i n  a non-obvious ~ way . __  on 
I_* 

t h e  .relative permeabi l i t i es .  r:  

From t h e  s t r a i g h t  l i n e  por t ions  of t h e  pressure plot the  kinematic 

m o b i l i t i e s  can be ca l cu la t ed  from t h e  formulas given by Garg33 as 
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8.23 x 10'7 s for  the 100 OC water and 1.79 x 

water, 

s for  the 234 OC 

These values compare very well with the exact values of 8.24 x s 
L' 

and 1.73 x 

pressure, i f  referred t o  a radius of -56 Rw (Rw = well block radius) as 

suggested by Garg, yields  a point on Figure 7 which is within l i n e  thickness 

of the  "cold" s t r a igh t  l ine.  

s respectively. It is worth mentioning tha t  the wellblock 

It: is  shown i n  the appendix tha t  the location of the therm& front can 

be used t o  estimate porosity. 

(corresponding t o  t /&2 = 4244.1 s/m2), as read off  from Figure 6 in to  

Equation (A.71, yields  a very accurate value of 4, = 15.05 X .  However, 

taking t /Q2 from Figure 7 a t  the  intersect ion of the two s t ra ight  l i nes ,  

t /Q2 = 4600 s/m2, gives 4 = 24.5 X .  

i n t o  large inaccuracies for  4 ,  because i n  the numerator of Equation ( A . 7 )  

two large numbers of equal order of magnitude are being subtracted. 

application of t h i s  method of porosity estimation 

of t he  two s t r a igh t  l ines ,  and one can not expect very accurate r e su l t s  from 

t h i s  approach. 

Inser t ing Rc = 6.14 m for  t = 1.6 x lo5 sec 

Small i curacies i n  t/@ t rans l a t e  

Field 

the intersect ion 

The excellent agreement between thb semi-analytic r e su l t s  and the  

SHAFT79 r e s u l t s  gives confid 

mesh design, t o  analyse more c 

eities in the  res 

and var iable  inject ion rates. 

i t y  of the simulator, with careful  

ect ion tests including inhomogen- 

ssure boundaries ( f rac tures )  , 

5. Five-spot Results 

in jec t ion  i n  a vapor- 

dominated geothermal reservoir ,  a five-spot configuration of production and 

in jec t ion  wells (see Figure 8) was studied. 

1000 m was assumed and reservoir  parameters typical  of the I t a l i a n  reservoirs  

A production well spacing of 
W 
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? Production well 

t, Injection well 

Figure 8. The configuration of production and injection wells . 
and the computational grid for.the five-spot problem. 
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were used (see tab le  1). The production rate of 0.025 kglsec was-chosen t o  
- 

give a supply of f lu id  i n  the reservoir  suf f ic ien t  to- 'sustain approximately 
W 

t h i r t y  years of production. 

Because of the symmetry of the configuratxon only one eighth of a typical  

five-spot has t o  be considered. 

shown in  Figure 8. 

The mesh used i n  the SHAFT79 calculat ions i s  

Three cases were considered: 

( i )  no inject ion,  

(ii) 

(iii) 

an inject ion r a t e  equal t o  the production r a t e ,  

an inject ion rate double the production rate. 

The vapor saturat ion in  the reservoir is  suf f ic ien t ly  high so tha t  water is  

immobile and therefore vigorous boi l in  

production r a t e  from steam alone. The 

consequence of boil ing.  

high t o  allow comparatively rapid spreading of boi l ing\and, the associated 

s required . _  * t o  maintain the required 

The permeability i n  the reservoir i s  .suff ic ient ly  

pressure decline. As can be seen i n  Figure 9 ,  the pressure drops almost 

uniformly across the reservoir  as t i m e  progresses, with' a corresponding near 

o r  saturat ion increase. Once the reservoir  

has completely superheated (dried out) the  amount of mass l e f t  in  the 

reservoir  i s  very small an 

A t  t h i s  stage the reservoir  t 

plenty of heat remains i n  place, 

contains 57.4 x 1013 J of ene 

i n  the f luid.  

There we it to the temperat e of the reservoir a t  which production 

i s  l i ke ly  t o  be useful.  

contained i n  the  rock matrix at 18OoC as 39.8 x 1013 J. 

declines very rapidly (see Figure 10). 

s s t i l l  high (c 220 OC) ,  tha t  i s ,  

unexploited s t a t e  the reservoir 

only 3 x 1013 J are  contained 

In 
I 

Clearly not a l l  of t h i s  energy is available for  exploitation. 

.,> 

For reference, a simple calculat ion gives the energy 

A t  the  end of i t s  
* .  

ins  50.0 x 1013 J. Some 4.4 x lor3 J - W  
the  rock t o  the f lu id  t o  sustain the boiling. 
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Figure 9a. Pressure prof i l e s  along a l i n e  
joining production and inject ion 
w e l l s  for  the five-spot problem. 
Inject ion rate 0.0 kg/sec. 

Figure 9b. Temperature p r o f i l e s  along a l i n e  '--' 

joining the production and i n j e c t i o b  
w e l l s  for the five-spot problem. 
Inject ion rate 0.0 kg/sec. 
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In case ( i i )  where 100 X of the produced f lu id  is  reinjected,  the 

injected f lu id  does not s ign i f icant ly  influence the production u n t i l  a f t e r  

about t h i r t y  years, the stage at which the reservoir  would be exhausted with 

no injection. 

f lu id ,  with 75 X vapor saturat ion,  occupies a much smaller volume. 

pressure gradient required t o  push the more viscous warm or hot water 

through the reservoir i s  not sustained beyond the condensation point where 

the boi l ing f lu id  meets the hot water. 

s i b i l i t y  i n  the two-phase region prevents pressure changes at the  inject ion 

The injected f lu id  being much more dense than the or ig ina l  

The 

.' 

The very large e f fec t ive  compres- 

w e l l  from influencing the production 

A t  t h i r t y  years about SO X of the reservoir  has dried out,  a small 

f ract ion is completely l iquid and the  rest is  boiling (see Figure 11). 

t h i s  time the production comes from boi l ing in ,  and extension o f ,  the  two- 

phase region. 

i t  encroaches in to  the previously superheated region. 

over the whole reservoir drops, some of the condensed hot water starts boiling. 

The overal l  pressure continues t o  dec l ine- in  order t o  produce enough steam and 

the  gradient i n  the superheated region around the well steepens once a l l  the  

mass supply near the well is  exhausted. 

After 

Some of the water i s  mobile i n  the boiling 

Also as the  pressure 

These two e f f ec t s  lead t o  unacceptably 

low downhole w e l l  pressures at about for ty  years. A t  t h i s  stage there  is  s t i l l  

plenty of heat l e f t  i n  the reservoir  (48.9 x 1013 J). An in te res t ing  feature  

of the reservoir temperature d is t r ibu t ion  a f t e r  t h i r t y  years (see Figure 9 )  i s  

tha t  because heat is being "mined" from the  boi l ing region i ts  temperature drops 
- -- 

below tha t  of t he  superheated steam region surrounding the  well. 

For case (iii), with the inject ion r a t e  double the production rate, 

,---. 
the results are qua l i ta t ive  s imilar  t o  case ( i i )  (see Figure 12). A t  t h i r t y  

years, the reservoir  has a superheated zone (smaller than i n  case ( i i ) ) ,  a LJ 

boiling zone and a large l iquid zone. Production is possible for  a fur ther  
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,(200% of production). 



411 

twenty years  during which the ,bo i l ing  zone extends 

reg ion  and the condensed region. 

dec l ines  s t e a d i l y  while t h e  temperature dec l ines  m 

bo i l ing  zone. 

r e s e r v o i r  is  s t i l l  46.9 x 1013 J and c l e a r l y  higher  i n j e c t i o n  r a t e s  would 

increase  t h e  longevi ty  of t h e  f i e l d  s t i l l  fu r the r .  

The pressure throughout t he  r e se rvo i r  
u 

A t  t h e  end of usefu l  production, t h e  energy remaining i n  the 

. 

From these  cases it is  c l e a r  t h a t  r e i n j e c t i o n  can extend the  l i f e  o 

I n  two-phase system considerably but  it does not increase  power output.  

t ,  because t h e  in j ec t ed  f l u i d  reduces the  volume of t he  bo i l ing  zone 

ava i l ab le  f o r  steam production, the-product ion  pressure drops s l i g h t l y  f a s t e r  

when more f l u i d  is  in j ec t ed  (see Figure 10).  

The r e s u l t s  obtained here  are f o r  an idea l ized  homogeneous, i s o t r o p i c ,  

t h i n  r e se rvo i r .  I n  real r e se rvo i r s ,  f r ac tu re s  and g rav i t  

p r e f e r e n t i a l  movement, with respec t  t o  d i r e c t i o n  o r  depth,  of 

x t  sec t ion .  e e f f e c t  of g rav i ty  i s  s tudied  i n  

I 

6. Gravi ty  Segregation 

A numerical study of  g r a v i t y  seg rega t i  

for a s i n g l e  choice of i n j e c t i o n  temperature and rese 

Several  d i f f e r e n t  cases were examined f o r  a r 

plane p a r a l l e l  r e se rvo i r .  Water a t  z 33 C wa 

with t h e  r e s e r v o i r  i n i t i  t a steam satur 

summarize . the i n i t i a l  c o n d i t i  

t h e  computations are pres  

important poi  

0 

gures  showing some of the most 

ows t h e  r e s u l t s  from Pro 1 and 2 descr ibed 

i n  Table 2. Th igu re  shows a com 

cases, and demonstrates dramat ica l ly  how important g rav i ty  segregation e f f e c t s  

are when an appreciable  amount of steam is  present i n  the  reservoi r .  I n  these  
-u 

c a l c u l a t i o n s  t h e  absolu te  permeabi l i t i es  were t h e  same in  the  ho r i zon ta l  and 
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GI 

TABLE 2: Injection Parameters 

C a s e  number 1 2 3 4 5 . 6  

_. Gravity (m/sec2) 0 9.81 9.81 9.81 9.81 9.81 

Open interval loom loom top top bottom bottom 
4om 4om 4om 4om 

Injection rate 15 15 15 6 15 6 
(kg/ sec 1 

. .  

. .  
. , .  _ >  

. - .  
I. .! . 

80 

Figure 13. 

Radial distance (m) 

Locations of the hydrodynamic front 
for injection into a thick reservoir. 
Case 1, no gravity, ----; 
Case 2, gravity, -. G 



413 

vertical  d i r ec t ions .  In many cases ,  t h e  v e r t i c a l  permeability w i l l  be con- 

b./ s iderably  less than the  ho r i zon ta l ,  and w i l l  reduce the  tendency of t he  in j ec t ed  

f l u i d  t o  slump t o  the  bottom of the  reservoi r .  Figures 14 and 15 show t h e  - 

corresponding tempera oblem 1. The s p r e  ng of ' t he  thermal f ront  is  

a numerical e f f e c t  due t o  the  coarse mesh (20 m). 
'i 

I n  Figures 16 through 18 t h e  r e s u l t s  fo r  Problems 5 and 6 a 

The ch lcu la t ions  show t h a t  t he  in jec ted  f l u i d  i n i t i a l l y  plumed 

t h e  motion is outward and downward through the remainder 

of about 120 days. 

e in j ec t ion  period . 

Obviously the re  i s  a r e l a t ionsh ip  between the  v e r t i c a l  

he ight  of t he  leading edge and the  in j ec t ion  flow rate. A t  t he  higher rate t h e  
. .  

hydrodynamic f ront  i s  much more spread out with an apparent "second pulse" 

forming near t h e  w e l l .  A t  t he  lower rate t h e  l i qu id  simply slumps i n t o  the  

r e se rvo i r  with - a l a rge  n a l  e f f e c t .  This r e s u l t s  i n  a leading edge of 

e,  even though t h e  higher rate 

i s  more than twice as g rea t  (15 compared t o  6 kg/sec of in jec ted  water). 

Although t h e  l i qu id  advances very quickly near t he  bottom of t h e  aqu i f e r ,  t he  

thermal fronts--as shown i n  Figure 18--lag f a r  behind. Thes 

important. implications f o r  production/injection well f i e l d s .  

se rva t  ions have 

Figures 19 and 20 show the  r e s u l t 6  fo r  Problems '3 and 4.1 These r e s u l t s ,  

although not ca r r i ed  out as f a r  as the  o the r s ,  show a s ign i f i can t  

migration, of f l u i d ,  and suggest t h a t  t he  hydrodynamic front w i l l  

develop more near ly  l i k e  the  f u l l  i n j e c t i o n  case described ab 

Due t o  t h e  l a rge  compress ib i l i ty  i n  t h e  two-pha e portions of t h e  r e se rvo i r ,  

the  hydro-dynamic f ront .  I n  we do not see a s i g n i f i c a n t  pressure i 

t h e  case of i n j e c t i o n  a t  t he  top of t h e  

unimportant, pressure ping, condensing l i qu id ,  

t he  pressure decreases 

f r o n t ,  which r e s u l t s  i n  a few percent increase i n  steam sa tu ra t ion  loca l ly .  

o i r  an in t e re s t ing ,  bu t  r e l a t i v e l y  

of the  reservoi r  near t h e  hydrodynamic 

kp 

1 -  
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- 
250 I I 

. temperature 

- 

- 

6. 

I 1 I I 
20 40 60 80 

Radial distance (m) 

Figure 14. Temperature profiles for injection into a thick 
reservoir (case 1) along a l ine  i n  the horizontal 
central plane (50 m depth). 

O r  
20 - 

40- 
Y 

E a 
60- 

80 - 
20 

looo 

Radial distance (m) - 

b.i 
Figure 15. Locations of the thermal front for injection into a 

thick reservoir (case 2) .  
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I Radial distance (m) 
I , , Figure 16. Locations of the hydrodynamic front for injection 

into a thick reservoir. 
15 kg/sec. 

Case 5 ,  bottom injection a t  
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Figure 

Radial distance (m) 

18. Locations o f . t he  thermal 
f ront  f o r  in jec t ion  i n t o  
a thick reservoir.  Case 5 ,  
bottom in jec t ion  a t  
15 kg/sec. 

I I I 
50 100 150 

Radial distance (rn) 

100, 

Figure 

. .  . . .  

I .. . , . '  

19. Locations of the hydro- 
dynamic f ront  f o r  in jec t ion  
i n t o  a thick reservoir.  
Case 3, top in jec t ion  a t  
15 kg/sec. 

Figure 20. 

4 Radial distance (rn) 

I 

t i  

Locations of .the hydro- .. 
dynamic f ront  f o r  in jec t ion  I 
i n t o  a thick reservoir . .  - - i  Case 4, top in jec t ion  of 
6 kg/sec. . 
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’ Since a coarse gr id  was used for  these calculations (20 x 20 m),  a 

number of questions remain regarding numerical e f f ec t s  on the detai led front 

propagat ion. These quest ions were out s ide the scope of these investigations.  

7. One-Dimensional Approximation of Larderello 

We consider a one-dimensional vertical  system with porosity. Figure 21 
, ” -  _ .  

shows our idealized system and the corresponding r e a l  reservoir.  Reservoir 

properties and thermodynamic conditions are similar - _ -  to _ _  those encountered i n  

the  most depleted zones of Larderello. 
, I  

- 
The wells produce from a fracture  system a t  the of t h e  reservoir.  

The fracture  system is  presumed t o  make the pressure uniform at the top and 

equal t o  bottomhole values in  the ,productive wells. The steam produced by 

r t o  co l lec t  i n  the 

op of the reservoir .  ons are given i n  

Figure 22. Pressure is  maintained pract at the top and 

bottom boundaries by connecting the system with f i c t i t i o u s  elements having very 

large volumes. 

with a steam t ion  rate of 17 

20 kg/(sec*km 

(Figure 23). 

The system remains prac t ica l ly  steady i n  these conditions 

water at 30 OC 
f 

1 ,  

d 

It has already been noted tha t  i n  problems involving sfiarp fronts  and 

phase t rans i t ions ,  s@nulation produces osc i l lb t ing  trends i f  a ce r t a in  s i ze  

and tha t  these osc i l l a t ions  are a consequence. of f i n i t e  space d i ~ c r e t i z a t i o n . ~ ~  

These osc i l l a t ions  occur i n  a11 our examples of regions 
I 

of the reservoir  where P < Psat.  They der ive:  from f i n i t e  d i scre t iza t ion  

and from the  hypothesis t ha t ,  i n  each point of the reservoir ,  the rock and 

f lu id  are at a l l  times i n  thermal equilibrium. 

Figure 24 shows the trend of the  production-flow rate and some quant i t ies  

i n  the gr id  elements near the in jec t ion  point. This re fers  t o  case a) of 
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const P EV' 0 1,' 
c7 

1000 
Depth 

g5 = 2 

-const P 

Figure 21. Linear flow model for reinjection studies. Rock 
and thermodynamic characteristics are similar to 
those existing in some zones of Larderello: 
1-caprock, 2-carbonate formations, 3-fractured 
quartzites and phyllites, and 4-phyllites. 
(XBL 8012-12874) 

Temperature OC Pressure bar 
230 240 250 260 270 0 10 20 30 40 50 60 

water saturation 
0.5 1 

Figure 22. Initial conditions for the model of Figure 21. 
* (XBL 8012-12875) 
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I 
w 

a) 
t 1 5 0 m  

b) 

c )  
d )  

- t 6 0 0 m  

t 800 m 

1000 m 

. Figure 23. Depths of injection for cases a), b), c), d). 
'(XBL 8012-12872) 

*- I---- 

Figure 24. D i s  tization effects in simulations of the 
ion of cold water in superheated steam 

the reservoir. a)production rate, 
saturation (immobile water saturation 

U 

c) boiling rate. (XBL 8012-12877). 
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Figure 23 where the thickness of the elements around the inject ion point is 3 m. 

In  t h i s  example, boundary pressure at the bottom i s  a l i t t l e  higher than i n  

Figure 22. 

As the  injected water en ters  element no. 1, it is soon vaporized, the  

rock and f lu id  both having the same temperature at a l l  times. 

u n t i l  sa turat ion conditions are reached i n  the element. From t h i s  moment on 

not a l l  the water is vaporized, the production rate begins t o  decrease, and 

l iquid saturat ion increases i n  the eiement. 

the model is controlled by the following phenomena: 

This continues 

Subsequently the behavior of 

- l iquid water flows gravi ta t iona l ly  ( i n  t h i s  case) from one element 

t o  the underlying one each t h e  the immobile water saturat ion is 

exceeded in  the former; 

- a l l  the l iquid water entering an element is vaporized u n t i l  

sa turat ion conditions are reached in  it; 

- vaporization (and, hence, production) starts t o  increase whenever 

the l iquid penetrates a new element i n  which P < Psat. 

vaporization begins decreasing whenever a new element reaches 

saturat ion conditions. 

- 

The amplitude and frequency of the osc i l la t ions  depends on space 

d iscre t iza t ion ,  on the difference between i n i t i a l  temperature and saturat ion 

temperatures i n  the elements penetrated by the l iquid water, on the pressure 

var ia t ions in  these elements, and on the shape of the r e l a t ive  permeability 

curves for  the two phases. 

Our simulation tests have always shown tha t  a f ine r  space d iscre t iza t ion  

w i l l  reduce the amplitude and increase the frequency of the  osc i l la t ions .  

Moreover, i n  the case of d i sc re t i t a t ions  tha t  are not too coarse, the  

, 

osc i l l a t ions  a l l  occur around an average curve; the  r e su l t  of numerical 

simulation gradually approaches t h i s  curve as the space d iscre t iza t ion  

becomes f ine r  (see Figure 25, r e l a t i v e  t o  the same case as Figure 24) .  



421 

. I -1 I' . ,  
Figure 25. Results of simulations with different s i zes  

of the grid elements i n  the linear flow model. 
a) A2 = 6.66 m, b) AZ = 3m, and c) AZ = 1 m. 
(XBL 8012-&2876) 

I ,  
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The r e l a t i v e  permeabi l i ty  of t he  two phases i s  a very important parameter 

f o r  r e i n j e c t i o n  as it a f f e c t s  both the  pressure gradient  and l i qu id  propagation 

through t h e  rock volume. 

cr i ter ia  at  present  f o r  a t t r i b u t i n g  one given r e l a t i v e  premeabili ty curve t o  

the  var ious  r e se rvo i r  rocks. Figure 26 shows some t h e o r e t i c a l  and empir ical  

Unfortunately,  t h e r e  would appear t o  be no s a f e  

curves. 

Curve a )  was obtained from a vers ion  of Corey's equation. 

s w  - swc 4 
Km(sw) = (1 - swc - sgc) I 

Krs = 0 

with Swc = 0.3, Sgc = 0 .  

f o r  Swc < Sw < 1 - Sgc 

for  Sw 1. Swc 

fo r  Sw 1 - Sgc 

This i s  the  parametr izat ion genera l ly  used i n  our one-dimensional model. 

Curve b) i s  der ived from Wairakei production data .  The parabol ic  curves 

i n  Figure 26c were used by some authors  to  s imulate  two-phase reservoirs 35 , 

while curves d) were based on prel iminary labora tory  r e s u l t s  obtained a t  

Stanford University.36 

va r i ed  they can be. 

These curves were taken as an example of j u s t  how 

The model's behavior is s t rongly  a f f ec t ed  by the  choice of r e l a t i v e  

permeabi l i t i es .  

t h e  d i s c r e t i z a t i o n  e f f e c t s  mentioned e a r l i e r .  

Usually a high Krw f o r  l o w  water s a t u r a t i o n  values  a t t enua te s  

Figure 27, r e l a t i v e  t o  the  case 
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i 

Figure 26. Examples f relative permeability 
curves for water and steam. 
(XBL 8012-12871) 



424 

of Figure 24 with a 3 m space d iscre t iza t ion  i n  the inject ion zone, shows tha t  

the  osc i l la t ions  are great ly  reduced with the "Wairakei curve". While the 

osc i l l a t ions  in  the two curves derive from f i n i t e  space d iscre t iz t ion ,  the 

difference i n  average production r a t e  from one case to  the 

of a difference in  behavior of reservoirs with d i f fe ren t  re la t ive  permeability 

curves. 

l iquid propagates through a larger  rock volume, which thus implies higher 

boi l ing rates. 

t is a r e su l t  

In  the case of curve b), the period of inject ion being equal, the  

Figure 28 shows the var ia t ions i n  production rate coming from in jec t ing  

20 k g / ( s e c * d )  at  d i f fe ren t  depths. 

The production rate increase c lear ly  diminishes when inject ion is  made a t  

g rea te r  depth. 

product ion decrease. 

Inject ion in to  the saturated zone even brings about a s l i gh t  

Considering cases a ) ,  b ) ,  and c) only, the var ia t ion of production w i t h  

depth of inject ion is  due t o  the following facts :  

- vaporization of the injected water produces a pressure increase in  

the inject ion zone, with a consequent increase i n  the gradient above 

and reduction in  tha t  below t h i s  zone. Vaporization of injected 

water, therefore,  contributes t o  production, but a l so  reduces the  

contribution from deep boiling; 

- the  f lu id  state i n  the deep horizons is  nearer the saturat ion then 

i n  shallower layers;  

the  l iquid saturat ion build-up i n  the inject ion zone reduces the 

r e l a t ive  permeability t o  steam; 

- 

- t he  pressure increases below the inject ion horizon. In the 

par t s  of the reservoir  containing two-phase f lu id  even a small 

pressure increase can s top boi l ing and start condensation. 

Figure 29 shows the evolution of saturat ion around the  inject ion point 

In  the la t ter ,  more l iquid accumulates in  the inject ion i n  cases a) and c). 
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~ Figure 28. Effect of injection depths i n  the 
linear flow model' (smoothed curves) . 
(XBL 8012-12870) I 

j 
I 

I 

I 
I 

steam saturation 
0 

Figure 29. Saturation around the injection point i n  cases 
a) and c )  of Figure 23. (XBL 8012-12878) 
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zone. Furthermore, while the  l i q u i d  flows downwards by g r a v i t y  i n  t h e  higher  

permeabi l i ty  formations, t he  pressure gradient  i n  the  low permeabili ty deep c 
formations is  high enough t o  overcome g rav i ty  and the  l i q u i d  is  c a r r i e d  upwards. 

Obviously a one-dimensional model can reproduce only pa r t  of t he  phenomenology of  

a three-dimensional r e se rvo i r  with d i s t a n t  i n j e c t i o n  w e l l  However, t h e  

r e s u l t s  of t h i s  s impl i f ied  model are i n  agreement with t h e  observat ions made at 

Lardere l lo  with regard t o  shallow and deep in j ec t ion .  

t h e  temperature of t he  steam produced at  t he  top  of t he  r e se rvo i r  remains 

I n  a l l  these  examples, 

pract- ical ly  constant .  

i n j ec t ed  water ( a f t e r  mixing with steam from deep bo i l ing )  c rosses  a hot  rock 

l aye r  unaffected by boi l ing .  Usually it is des i r ab le  t h a t  t h e  steam produced 

from in j ec t ed  water crosses a c e r t a i n  i n t e r v a l  of hot rock before  reaching  the^ 

producing wells. I f  t he  i n j e c t i o n  point i s  too near  t h e  ex t r ac t ion  poin t ,  t h e  

thermodynamic c h a r a c t e r i s t i c s  of t h e  f l u i d  are adversely a f f ec t ed ,  with the  r i s k  

of e f f i c i ency  reduct ion i n  the  conversion phase. On t he  o the r  hand, i f  too 

l a rge  rock volumes are le f t  out  of i n j e c t i o n ,  t h i s  may cause a reduct ion i n  

This i s  due t o  the  fact: t h a t  t he  steam produced from 

recovery of  t h e  reserves .  

8. Conclusions 

I n j e c t i o n  i n t o  a two-phase r e s e r v o i r  usua l ly  prolongs i ts  economic 

production and increases  the  recovery f a c t o r ,  bu t  may decrease the  production 

rate i n  the  short-term. 

explo i ted  over a very long per iod without r e i n j e c t i o n ,  t h e  condi t ions are now 

such as t o  permit a higher  long-term recovery as w e l l  as increased short-term 

production. In  favorable  s i t u a t i o n s  t h i s  can be obtained without de t r imenta l  

e f f e c t s  on the  thermodynamic c h a r a c t e r i s t i c s  of the  f l u i d  produced. 

i n j ec t ed  water contains  minimal amounts of noncondensable gas and is quickly 

vaporized, t h e  chemical c h a r a c t e r i s t i c s  of the  steam produced may even improve, tr 

In  a f i e l d  such as Lardere l lo ,  which has  been 

As t he  

c 

t o  the  advantage of conversion e f f i c i ency .  
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. The app l i ca t ion  of numerical s imulat ion t o  the:study of r e i n j e c t i o n  

W r evea l s  how usefu l  t h i s  approach c be, even though it is confined 

There have been too  f o r  t h e  moment t o  i d e a l  systems o r  p a r t i c u l a r  problems. 

few , f i e ld  d a t a  ava i l ab le  so f a r  t o  show whether the  model of  t he  porous 

medium i s  capable of s imulat ing f rac tured  r e s e r v o i r s  i n  which rock-fluid 

hea t  exchange is the  dominating phenomenon. . -+ 

Simi lar ly  the  lack  of information on r e l a t i v e  permeabili ty,  which a l s o  

has  a s t rong inf luence  on the  phenomena, prevents formation of f u l l y  r e l i a b l e  

models. Field and labora tory  tests w i l l  consequently play an important role 

’ i n ‘ t h e  near  fu tu re .  P a r t i c u l a r l y  important is t o  iden t i fy ,  i n  t h e  geothermal 

f i e l d ,  t h e  zones i n  which P < Psa t ,  t he  volumes involved, and the  reservoir 

c h a r a c t e r i s t i c s .  In j ec t ion  i t s e l f  could be used f o r  t h i s  purpose. Simulation 

of i n j e c t i o n  i n  a r e se rvo i r  whose f l u i d  i s  superheated steam poses some 

problems: a very f ine  space desc re t i za t ion  must be used and the  t i m e  s t e p  

must a l s o  be shortened when cross ing  the  sa tu ra t ion  l i n e  i n  the  water equat ion 

of state diagram. However, it i s  f e l t  t h a t  approximate r e s u l t s  acceptable  t o  

t h e  engineer can be achieved even i n  these  circumstances a t  a reasonable cos t .  

F ina l ly ,  it should be noted t h a t  P < Psat  does not always imply t h a t  

only superheated steam exists  in the porous medium. 

can be produced by s a l i n i t y ,  c a p i l l a r i t y ,  and adsorpt ion phenomena. 

phenomena also r equ i r e  more d e t a i l e d  study. 

Vapor pressure lowering 

These 

I n  summary, our  i nves t iga t ions  t o  da t e  r e s u l t  i n  t he  following general  

conclusions: 

1. Numerical s imulat ion i s  a v a l i d  and v i ab le  t o o l  f o r  studying 
I 

i n j e c t i o n  i n t o  two-phase r e se rvo i r s .  

I I 
2. In j ec t ion  w e l l  tests i n  t h i n  formations can be analyzed by 

means of single-phase pressure t r ans i en t  techniques. 

In j ec t ion  i n t o  a producing two-phase r e se rvo i r  may enhance 
I -u 
I 3.  
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ultimate energy recovery by large amounts, with small e f f e c t s  - 
on power output. L.i 

4. 

5.  

Gravity e f f e c t s  can be very strong i n  thick reservoirs.  

Inject ion in to  superheated steam zones may increase production rates 

as well as energy recovery. 

It is suggested tha t  future  work on modeling inject ion should invest igate  

the  e f f ec t s  of f ractures .  

f i e ld  cases ra ther  than idealized problems. 

Also, e f f o r t s  should be made for  modeling actual  

i 

i 
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APPENDIX L, 

F 
Consider i n j e c t i o n  of cold water with temperature T i n ' a t  constant 

rate q i n t o  a t h i n  i n f i n i t e  two-phase r e s e r v o i r  w i t h  u n i f o m . i n i t i a 1  condi t ions  

(temperature Tres ,  vapor s a t u r a t i o n  S). We pos tu l a t e  t h a  he  .process w i l l .  

g ive  rise t o  a sharp temperature f r o n t ,  where reservoir temperature changes 

1 
I 

I 
i 

from Tin t o  Tres, and proceed t o  e s t i m a t e . t o t a I  swept volume Vs and 

volume of t he  cold zone, Vc. 

Neglecting the  dens i ty  of steam i n  comparisbn' to ' th 'a t  ofAliquid water, 

f o r  t h e  t o t a l  i n j ec t ed  mass: 

M q t  = Vs+SP; + Vc4(Pw - PA) (A.1) 
. -  

where P, and pW' are l i qu id  water d e n s i t i e s  a t  i n j e c t i o n  temperature T i n  

and r e se rvo i r  temperature T r e s ,  respec t ive ly .  

For the  t o t a l  i n t e r n a l  energy of t he  swept volume we have: 

E = V c k P w C w  + (1 - +)PRCR] Tin 

I This is approximately equal t o  the  t o t a l  i n t e r n a l  energy present  i n  swept 

volume and i n j e c t i o n  f l u i d  separa te ly  (negl'ecting small steam cont r ibu t ions)  : 

! E = Vs(l - +) pRCd Tres + MCwTin + V s + ( l  - S) PGCw Tres 

I 
I from which: 
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The l o c a t i o n ~ o f  t h e  thermal f ront  can be used t o  estimate porosity,  i n  

t he  following way. A t  t i m e  t ,  the  t o t a l  amount of in jec ted  f l u i d  is q t .  

t h i s ,  an amount Vc4Pw i s  s t i l l  at in j ec t ion  temperature, while an amount 

( q t  - Vc4Pw) has  moved on and has been heated up t o  Tres. 

t h a t  t h e  energy t r a n s f e  

Of 
6/ 

Assuming 

d t o  t h e  f l u i d  was supplied by t h e  cooled rock, fre 

have: 

from which, using Vc = n&2H: 

4 =  (A.7  
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L# 
A DEPLETION MODEL FOR THE GABBRO ZONE 

(Northern P a r t  of Lardere l lo  F ie ld )  

W i l l i a m  E. Brigham, Stanford Universi ty  
Guiseppi Neri, ENEL-Larderello, I t a l y  

In t roduct ion  

Task DEA-3,19 of t h e  ENEL/DOE j o i n t  agreement is  d i r ec t ed  toward the  

development of simple r e se rvo i r  models which w i l l  match pas t  performance 

da ta  and can be used t o  p red ic t  f u t u r e  production rates and u l t i m a t e  

reserves .  To t h i s  end, i n  1979 the  au thors  s tud ied  the  pressure  and pro- 

duction da ta  ava i l ab le  from the  Gabbro Zone - a small producing i n t e r v a l  

nor th  of the  main praducing area of the  Larderel lo  F ie ld .  Production 

began i n  t h i s  f i e l d  i n  1961. 

developed t o  match these  da ta .  This r epor t  sumnarizes the  r e s u l t s  of 

t h i s  modeling e f f o r t ,  including pro jec t ions  i n t o  the  fu tu re .  

A new type of lumped parameter model w a s  

RESERVOIR PRESSURE - PRODUCTION DATA 

Four w e l l s  provide most of t he  production from the  Gabbro Zone; Wells 

G1, G3, G 6  and G 9 .  Three a d d i t i o n a l  w e l l s  produce minor volumes; 

Wells 6 7 ,  SD-2 and N-155. 

w e l l s  were summed and are shown by s i x  month i n t e r v a l s  i n  Table 1. I n  

t h i s  t a b l e  the  s i x  month average production rate da ta  are a l s o  l i s t e d ,  as 

w e l l  as t h e  average pressures  i n  the  Gabbro Zone producing i n t e r v a l .  

The de ta i l ed  monthfy production da ta  from these  

The r e se rvo i r  pressure  da t a  i n  the  Gabbro Zone deserves special  comment. 
1 The paper by Celati et a1 mentions t h a t  t he  o r i g i n a l  r e s e r v o i r  pressures  

found a t  Gabbro ind ica ted  a pressure  t rend toward the  main Lardere l lo  

producing zone. 

G1, 6 3 ,  G 4 ,  G 6 ,  G-7, G-8, G 9 ,  SD-2, S D - 4 ,  SV-9 and N-115. These i n i t i a l  

pressures  w e r e  extrapolated-back i n  t i m e  t o  a n  equivalent  s t a r t i n g  da te ,  

and i t  became c l e a r  t h a t  an o r i g i n a l  pressure t rend  e x i s t e d  i n  t h e  r e se rvo i r .  

A s tudy w a s  made of t h e ’ o r i g i n a l  pressures  found i n  Wells 

L The pressure decreased i n  the  south-southeast  d i r ec t ion .  
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TABLE 1 
Detailed Production Data, Gabbro Zone W 

Average Cumulative Average 
Production Pres sure 

I I 

! 

I 
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To average t h e  pressure da ta ,  i t  was necessary t o  take  t h i s  reservoi r  

pressure trend i n t o  account. To t h i s  end we mapped t h e  Gabbro Zone i n i t i a l  

pressures including w e l l  loca t ions  and drew i n i t i a l  p ressure  contours. 

t h i s  map it appeared t h a t  t h e  pressure  i n  Wells 6-4, G-9 and SD-2 were very 

c lose  t o  t h e  average r e se rvo i r  pressure,  Wells G-1 an 

Kgm/cm2 above t h e  average, and Well SD-4 was about 3.4 Kgm/cm2 above t h e  

average. 

and Well 155 w a s  about 3.8 Kgm/cm2 below t h e  average. 

From 

7 were about 0.6 

Wells 6-3 and 6-8 were about 1.9 Kgm/cm2 below t h e  average pressure,  

There is a long h i s t o r y  of pressure d a t a  from Wells 6 4 ,  6-8 and SD-4 
and t h e  d i f fe rences  i n  pressure l i s t e d  above have pe r s i s t ed  throughout t h e  

. producing l i f e  of t h e  Gabbro Zone. These th ree  w e l l s  supplied most of t he  

pressure da t a  used t o  determine t h e  average pressures l i s t e d  i n  Table 1. 

addi t ion  the re  were 8 da ta  poin ts  from Well 6-7, 3 poin ts  from Well G-9, 

11 po in t s  from Well SD-2 and one da ta  poin t  from most of t h e  remaining w e l l s .  

Two w e l l s ,  B-3 and S. Michele, contain a high C02 content,  thus t h e i r  indi-  

cated pressures are not r e l i a b l e  and were not included i n  t h e  ca lcu la t ions .  

I n  

The pressure versus t i m e  d a t a  from Table 1 are graphed i n  Fig. 1. 

Notice t h a t  a f t e r  1965 t h e  average pressure drops smoothly with production. 

However, e a r l y  i n  t h e  l i f e ,  from 1960 t o  1965, t h e  th ree  d a t a  poin ts  behave 

i n  an erratic manner. 

very l i t t l e  d a t a  is ava i l ab le  during t h i s  period. 

f i nd  no l o g i c a l  b a s i s  t o  use t o  decide which of these  t h r e e  da t a  poin ts  are 

r e l i a b l e  and which are not. 

t h i s  e a r l y  low-production-rate period makes i t  d i f f i c u l t  t o  decide which of 

t h e  r e se rvo i r  model equations w e  develop later is t h e  most r e l i a b l e .  

It appears t he re  is some e r r o r  i n  these  data.  Also 

Unfortunately, we could 

As w i l l  be seen later, the  paucity of da t a  during 

RESERVOIR MODELING 

The paper by Celati et  a l l  c l e a r l y  shows t h a t  t h e  producing i n t e r v a l  a t  

Gabbro is brecciated carbonates associated with evapor i t i c  depos i t s ,  with a 

f l y s h  cap rock. 

which are somewhat f rac tured .  

geology seen i n  t h e  main p a r t  of t h e  Lardarello f i e l d .  

Beneath t h i s  permeable horizon l ies qua 

This sequence of rock typ is s i m i l a r  t o  t h e  

The volume of steam t h a t  has been produced from Gabbro is  f a r  g r e a t e r  

than could exis t  i n  t h e  r e se rvo i r  as steam alone, thus t h e r e  must be bo i l ing  
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Figure 1. Gabbro zone average reservoir pressure (year end). 
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water supplying most of the steam to the producing interval. It seems 

reasonable to assume this water lies somewhere deep within the quartzites 
and phyllites. This supply 

from Gabbro toward Larderello. Final 
zone would be expected to be lower th 
vertical frictional pressure losses t 

d phyllites. It only r 
tches this verbal picture of 

A studv nf  hnilinu water svstemc Wac marl@ hv Rtia 
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Ld Pressure Drop Due t o  Linear Flow 

To der ive  an equation f o r  t he  pressure drop from the  deep bo i l ing  

zone through t h e  f rac tured  zone t o  the  producing horizon, w e  can envision 

t h a t  t h e  flow geometry i s  approximately l i n e a r .  

thus the  magnitude of t h e  pressure  drop w i l l  depend on the  terms i n  the  

p func t ion  f o r  l i n e a r  flow, and the  timing of t h e  pressure t r a n s i e n t  

w i l l  depend on the  terms i n  the  t function. 

problems have been published by Miller3 and by Nabor and I(arham.4 

and Barham's so lu t ions  are summarized i n  Fig. 2, where t h e i r  term F ( t  ) 

is the  p 

This is  t r a n s i e n t  flow; 

d 
Analytic so lu t ions  f o r  such d 

Nabor 

d 
func t ion  f o r  l i n e a r  flow a t  a constant rate. d 

The th ree  functions shown i n  Fig. 2 depend on the  ou te r  boundary 

condition; Kist is, t h e  boundary condition a t  t he  bo i l ing  water in t e r f ace .  

The F ( t  ) curve is f o r  a system with a closed o u t e r  boundary, t h e  F1,2(td) 

curve is f o r  an i n f i n i t e  system, while t he  Fo(t ) curve is f o r  a system 

with a constant pressure ou te r  boundary. 

approximates Gabbro i s  the  constant pressure  boundary, t h e  Fo(td) curve. 

This is marked more heavily i n  Fig. 2. 

1 d  

d 
The system t h a t  most c lose ly  

A bo i l ing  water system is  not an exact constant pressure boundary, 

f o r  as t h e  system deple tes  the  pressure must decline.  

a good approxination t o  treat t h i s  system as constant pressure when the  

pressure i n  t h e  bo i l ing  zone dec l ines  slowly with t i m e  - as i t  must f o r  

any r e se rvo i r  with a reasonably long producing l i f e .  

t o  c a l c u l a t e  t he  t r a n s i e n t  pressure drop. 

used, t he  superposit ion equation is, 

However, i t  i s  

Whenever the  flow rate varies, i t  is necessary t o  use superposit ion 

If equal t i m e  increments are 

d) 
-4 p t - n A t  

+ ('fit1 n) d (  d ( 5  1 

L e t  us study the  F ( t  ) curve of Fig. 2 i n  d e t a i l .  
t o  t h i s  curve i s  t o  assume t h a t  p 

t i m e  u n t i l  t 

td = 0.785. 

A good approximation 

i s  proportional t o  the  square root  of 

= 0.785 and t o  assume i t  i s  a constant equal  t o  1.00 a f t e r  

The maximum e r r o r  using the  approximation is only about 10%. 

o d  

d 

d 

G 
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4 d  I n  most real systems w e  do not know the parameters i n  t w e l l  enough d 
t o  be ab le  to relate real 

the  real t i m e  t h a t  is equ 

Eq. 5. Hence f o r t h  i n  t h i  

This phrase w a s  chosen f o  n t  t o  imply the 

effectfve steady state fl 

not q u i t e  the  same, 

equal t o  1.00. 

ermine the  ef 

and l e t  us  a l s o  assume t 

Equation 5 becomes: 

E& e ql (1)  + (q2-q1)(1) + (q3-421(1) + (q4- 
1.IL 

/ 

Notice the  l e f t  hand s i d e  of Eq. 6 is eq flow rate if we had 

l i n e a r  steady state flow; thus we can ca 

state flow rate, q . The r i g h t  hand s i d e  contains a number of terms 

t h a t  cancel each o the r ,  so t h e  equation can be s i  
eq 

qeq = q3(l-i4- ')+ q b ( C - 6 )  + 
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, i p l e s  of s ix  months f o r  t he  

shown i n  Table 11 and a l s o  the  

u iva len t  s teady s ta te  flow rates are l i s t e d  f o r  l a g  times ranging up 

l e n t  flow rates f o r  5 4  and 60 

ded i n  t h e  t a b l e  f o r  they were 

11 be discussed later. 

Equations 7 and 8 relate the  equivalent  s teady  state flow rate t o  

nd 6 were w r i t t e n  f o r  l i q u i d  



Date 

61 

- 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

lagtime 
O M 0  

41.2 
41.2 

81.8 
81.8 

100.7 
154.2 

198.2 
232.2 

244.8 
243.0 

247.3 
228.5 

216.7 
221.7 

271.7 
261.7 

263.3 
270.0 

255 .O 
248.3 

240.0 
238.3 

231.7 
228.3 

223.3 
223.3 

220.0 
225.0 

213.3 
213.3 

76 205.3 
a 215.0 

77 206.7 
218.3 

lagt  ine 
1'2 Mo 
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TABLE I1 

Equivalent Flow Rates at Various 
Lag Times (lO'T/Mo) 

lagt  ise 
18 Mo 

243.5 

234.0 

220.2 

264.2 

268.0 

250.3 

238.3 

229.3 

223.3 

223.5 

213.3 

212.1 

214.9 

241.4 

235.7 

221.8 

256.7 

266.9 

253.9 

240.5 

231.0 

224.2 

223.5 

2 U . 5  

212.3 

214.9 

lagtime 
24 Mo 

235.7 

236.9 

225.2 

251.4 

267.5 

255.1 

242.5 

232.2 

225.2 

223.5 

216.1 

212.4 

213.6 

lagtime 
30 El0 

227.0 

236.4 

227.1 

249 .O 

262.7 

255. a 

245.4 

233.9 

226.6 

224.0 

216. B 

213. a 

213.6 

lagtime 
36 Mo 

216.0 

233.1 

228.6 

248.8 

258.7 

257.2 

246.9 

235.7 

227.8 

224.6 

217.4 

214.3 

213.5 

lagtime 
42 Ho 

206 1 

227.2 

228.9 

248.4 

256.4 

254.6 

248.0 

238.3 

229.3 

225.7 

218.2 

215.0 

214.4 

lagtime 
48 Mo 

198.0 

219.0 

226.9 

248.2 

255.8 

252.1 

249.6 

239.9 

231.0 

226.6 

219.1 

215.5 

214.8 
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bi Atkinson and Mannon' have shown t h a t  m(p) is  almost exac t ly  propo 

t o  p2 f o r  steam reservoi rs .  Thus Eq. 9 can be s impl i f ied  to ,  

I 

Note t h a t  Eq. 10 relates flow rate to A(p2), while Eq. 4 requi res  

t h a t  the  flow rate be r e l a t ed  t o  A(P/Z). 

whereby these  terms can be r e l a t ed ,  however an empirical  power law 
equation w a s  attempted which is of t h e  following form 

There i s  no t h e o r e t i c a l  b 

UP/Z)f lOW = D' u A( 2, 
m 

(P/Z> top 

The appl icable  pressure and Z f a c t o r  da ta  are l i s t e d  i n  Table 3. 

t h i s  empirical  equation, pressures ranging from 1 2  Kgm/cm2 t o  30 Kgm/cm2 

were assumed, with A(p/Z) values ranging from 2.71 t o  11.60. 

and h(p/Z) values w e r e  chosen t o  cover the  range of da t a  seen i n  the  Gabbro 
h i s t o r y  and l i k e l y  t o  be  seen i n  t h e  next 15-20 years.  These da t a  were f i t  

t o  Eq. 1 L  using a lest-square formulation, and the  maxiumum e r r o r  w a s  2.5%. 

Host of t h e  e r r o r s  were less than 1.0%. 

were: n = 0.911 and m = 0.519. 

To test 

These pressure  

- 

The values found f o r  t he  cons 

rite a s i n g l e  equation which 

l a r e  can combine Equations 3, 4, 

t o  match the  h i s to ry  of 

g rate t o  the  fu ture .  

12 seem appropriate a 

e f i r s t  time such a 

model has been used i n  a geothermal r e se rvo i r  such t h a t  t r ans i en  

wi th in  the  r e se rvo i r  is coupled wi th  a lumped parameter material b a l  

I n  o i l  r e se rvo i r  w i th  water in f lux ,  a somewhat similar concept has 

occasionally been used: but with a d i f f e r e n t  equation form. 

as w e  know, t h i s  is t h e  first t i m e  anyone has s 

simply and accura te ly  r e l a t e d  t o  Am(p). The be 

Also, a 







Measured 

- Date Kgm/cn2 
P/Z 

1960 34.55 

1965 24.55 

23.40 

21.76 

19 20 . 40 

1969 19.40 

19 70 18.80 

19 71 18.40 

19 72 17.70 

1973 17.20 

19 74 16.95 

19 75 16.20 

19 76 16.30 

15.90 

dev ia t ion  

L; kgm/cm2 
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TABLE I V  

Calculated Values f o r  p/Z i n  Gabbro 
Compared t o  Measured Values 

V I  

(Various Assuned Lag Times)  

c-- 

Calculated p/Z f o r  va r ious  l a g  t i m e s  

t t 
l a g  l a g  

24 Mo 30 Mo 

34.67 34.65 

23.95 24.08 

22.86 22.86 

22.07 22.11 

20.61 20.61 

. 

19.44 19.41 

18.91 18.79 

18.45 18.35 

17.96 17.92 

17.45 17.44 

16.88 16.91 

16.40 16.43 

15.98 16. i)2 

15.39 15.44 

0.37 0.34 

t 
l a g  

36 .Mo 

34.62 

24.29 

22.90 

22.08 

20.55 

19.41 

18.66 

18.25 

17.86 

17.43 

16.92 

16.46 

16.07 

15.51 

0.29 

34.58 34.57 

24.46 24.53 

'22.97 ' 23.06 

22.00 21.93 

20.48 20.42 

19.39 J 19.38 

18.67 18.74 

18.18 18.13 

17.77 17.73 

17.40 17.35 

16.92 16.92 

16 -48 16 -49 

16.13 16.15 

15.57 15.63 

0.24 0.21 
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- I  1 

f 
W 

TABLE V 
* 

Best F i t  Equations to Gabbro Data 
Using Various Lag Times 

General Equatfon Form 



- 
Probably t h e  only v a l i d  conclusion t h a t  can be reached from these  r e s u l t s  L 
i s  t h a t  any of t he  f i v e  equations and l ag  t i m e s  f i t s  t h e  da t a  q u i t e  

s a t i s f a c t o r i l y ,  and w e  have no va l id  method of picking one over another. 

Table V shows t h e  equations t h a t  were generated from the  1 

squares f i t s .  A study of t hese  equations constants shows t h a t  a broad 

range of reservoi r  parameters could be used t o  f i t  t h e  Gabbro data. 

example compare the  constants f o r  t h e  24 month lag  t i m e  equation with 

the  constants f o r  t he  42 month equation. 

h ighes t  i n i t i a l  p ressure  (A = 36.174), t h e  l a r g e s t  l i qu id  reservoi r  volume 

(B = 0.01027), t he  g r e a t e s t  pressure l o s s  due t o  flow toward Carderello 

(C = 0.06823) and the  smallest f r i c t i o n a l  pressure drop (D = 0.16866). 

For t h e  42 month equation a l l  these  constants are a t  t h e  opposite 

extreme; t h e  lowest i n i t i a l  pressure (35.398), t h e  smallest l i q u i d  

reservoi r  volume (B = 0.08888), t h e  snallest l o s s  due t o  flow 

Larderello (C = 0.03697) and t h e  g r e a t e s t  f r i c t i o n a l  Pressure 

(D = 0.25109). These d i f fe rences  are q u i t e  s i g n i f i c a n t ;  f o r  example, 

t h e  r e l a t i v e  r e se rvo i r  volumes between these  tvo cases are 8.65/1, and 

t h e  r e l a t i v e  flow towards Larderello f o r  these  two cases are 16/1. 

I f  the  r e s u l t s  f o r  t he  24 month l a g  t i m e  are not considered w e  f i nd  t h a t  

t h e  ranges of parameters narrows considerably. The maximum range of 

reservoi r  s i z e  i s  from the  42 month t o  the  48 month equation and i t  i s  

1.53/1; t he  maximum range of l o s s  t o  Larderello i s  from t h e  30 month 

t o  t h e  42 month equation, and i t  is  2.09/1. 

For 

The 24 month equation has  t h e  

I n  b r i e f ,  these  r e s u l t s  t e l l  us t h a t  we can match the  pas t  

very w e l l  indeed using Eq. 12 ;  iiowever, because a number of l ag  t i m e s  

match the  da ta  almost equally w e l l ,  we do not  have an accur 

of the  s i z e  of t h e  system, the  amount of l o s s  toward Larderello n 

t h e  f r i c t i o n a l  pressure drop. 

Fortunately t h i s  problem may not be as se r ious  as w e  migh 

expect. Often when we achievea good h i s to ry  match, w e  f i nd  t h a t  

j e c t i o n s  i n t o  the  fu tu re  are real is t ic  even i f  t he  s p e c i f i c  para 

used t o  make t h a t  match are not. 

next s e c t  ion. 

W e  w i l l  test t h i s  hypothesis 
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64 FUTURE PRODUCING RATE 

Before pro jec t ing  t h e  u tu re  i t  w a s  necessary 
t o  p red ic t  t he  r e se rvo i r  a s  a function the  average r e se rvo i r  

pressure. I n  general  f o  from a r e se rvo i r  i t  

c a l c u l a t e  t he  flow rate based on a version of t he  Forchheimer equation, 

- 
ere p = t h e  ave ng zone pressure,  Kgm/cm2 

= the  flowing wellhead pressure,  Kgm/cm2 Pt f  

q = t h e  producing rate, 103T/Mo 

a & b = unknown constants 

Equation 1 3  is commonly used f o r  gas flow. 

the  Darcy r e s i s t a n c e  t o  flow i n  t h e  reservoi r .  

the  sum of non Darcy e f f e c t  i n  t h e  r e se rvo i r  p lus  the  flowing f r i c t i o n  

wi th in  t h e  w e l l  from the  bottom t o  the  wellhead. 

The constant,  a, expresses 

The constant,  b, expresses 

The h i s t o r i c a l  production rate da ta  at: Gabbro were t e s t e d  aga ins t  

t h i s  equation. 

r e se rvo i r  flow data.  

Individual’well  da ta  were s tud ied  as w e l l  as o v e r a l l  

We found t h a t  ?be nast r e se rvo i r  rate could be matched 
with a maximum e r r o r  of 13% and a standard deviation of 5.7%. 

equation w a s ,  

The b e s t  f i t  

-2 p - p t f  = 0.00436q2 

The Darcy term i n  Eq, 13, t h e  constanf, a, was found t o  be negl ig ib le .  

The producing rates and pressures were projected i n  the  fu tu re  

assuming the  producing wellhead pressure would remain constant a t  6 Kgm/cm2 

absolute.  

year,  f o r  t h e  flow rate and t h e  r e se rvo i r  pressure are interdependent i n  

Equatibns 12 and 14. 

This p ro jec t ion  requi res  a t r i a l  and e r r o r  ca l cu la t ion  each 

We always found rapid convergence t o  the  answers i n  

2 t o  i i n t e rac t ions .  

13 
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The flow rates w e r e  projected f o r  18 years  through the  year 1995 using 

These pro jec t ions  are shown i n  Table V I  where 
LJ 

a l l  f i v e  l a g  t i m e  equations. 

both production rate and cumulative production pro jec t ions  are shown. 

A study of t h i s  t a b l e  shows t h a t  a l l  t h e  pro jec t ions  are q u i t e  similar 
even though t h e  parameters i n  t h e  equations d i f f e red  markedly. The g r e a t e s t  

d i f fe rences  are between the  24 month and t h e  30 month projections.  But 

even they d i f f e r  by only 6% in flow rate by '1935, and only d i f f e r  by 3% 

i n  cumulative production at  tnat t i m e .  

There is a sound reason t o  consider t he  24 month l a g  t i m e  p ro jec t ions  

inva l id ,  f o r  t he  a c t u a l  production rate from Gabbro a t  the  end of 1978 w a s  

193 x 103T/Mo while the  24 month equation pro jec t ion  w a s  210.9 x 103T/:.Io. 

Thus a l l  t he  later projected rates may be too  high f o r  t h i s  case. 



.~ 

Year 

19 78 
19 79 
19 80 
19 81 
19 82 
1983 
1984 
1985 ’ 

19 86 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

- 

TABLE VI 

Pro jec t ions  of Gabbro Production t o  t h e  Future  
Various Lag Times 

tla = 24 
END YR 
9 9 

210.9 44.52 
204 . 1 47.01 
198.2 49 . 42 
193.2 51.77 
188.2 54.06 

183.4 56.29 
178.9 58 . 46 
174.5 60.58 
170.2 62.65 
166.2 64.67 
162.3 66.64 
158.6 68 . 57 
155 .O 70.45 
151.5 72.29 
148.2 74.08 
145 .O 75.84 
141.9 77.57 
139 .O 79.25 

* 30 tlag 
END YR 
2. 9 

195.7 44.43 
191.1 46 . 75 
186 . 8 49 -02 
181.7 51.23 
176.9 53 . 38 
172.4 55.48 
168.1 57.52 
164 . 0 59.51 * 

160.0 61.45 
156.2 63.35 
152.5 65 . 20 

149 .O 67.01 
145 . 7 68.78 
142.5 70.51 
139.4 72.20 
136.4 73.86 
133 . 6 75 -48 
130.8 77 -06 

- 36 
‘lag 
END YR 

9 9 
196.9 
192.0 
187.6 
182.7 
178.0 

173.4 
169.2 
165 .O 

161.0 

157.1 
153.4 
149 . 9 
146 . 5 
143.1 
140 .O 

136.9 
134.0 
131 . 1 

44.44 
46.77 
49.05 
51.27 
53.43 
55 054 
57.60 
59 . 60 
61.56 
63.47 
65 . 33 
67.15 

68.93 
70.67 
72 . 36 

74.03 
75.65 
77.24 

= 42 tlaR 
END YR 

9 4 
198.2 44.44 
193.0 46.79 
188 . 4 49.08 
184.3 51.32 
179 . 7 53.50 
175.2 55.63 
171  . 0 57.71 
166.9 59.73 
163.0 61.71 

159 . 3 63.65 
155 . 6 65.54 
152.1 67.38 

148.7 69.19 
145.5 70.95 
142 . 3 72.68 

139.3 74.37 
136.4 76.02 

133.5 77.64 

= 48 5 a g  
END YR 
‘ 4  9 
199.2 44.45 
194.1 46.81 
189 . 4 49 . 11 
185.3 51.36 
180 . 9 53.56 
176.6 55.70 
172.6 57.80 
168.7 59. a4 
164.9 61.85 
161.3 63.80 

65.72 157.9 
154.5 67.59 
151.3 69.43 
148.2 71.22 

72.98 145.2 
142.4 74.71 
139.6 76.40 

136.9 78.06 
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I f  only the  remaining four  p ro jec t ions  are considered, the  lowest i s  

f o r  a l a g  t i m e  of 30 months and the  h ighes t  is  f o r  a l a g  t i m e  of 48 months. 

I n  1995 these  d i f f e r  by only 5% i n  producing rate and only by 1.3% i n  

cumulative production. Thus our earlier speculat ion,  t h a t  t h e  var ious 

equations w i l l  g ive similar pro jec t ions  i n t o  the  fu ture ,  appears va l id .  

Thus the re  is oonsiderable reason t o  assume these  pro jec t ions  w i l l  be 

realist ic.  

The h i s t o r y  matches and pro jec t ions  t o  t h e  year  1995 are shotm f o r  

t h ree  cases i n  Figures 3, 4 and 5. 

months. 

period. Figure 5 is f o r  a l a g  t i m e  of 48 months; i t  p r e d i c t s  the  least 

decl ine.  Figure 4 is f o r  a l a g  tine of 42 months. This is the  case which 

p red ic t s  t he  g r e a t e s t  deple t ion  due t o  production, t h e  smallest deple t ion  

due t o  flow toward Lardere l lo  and the  g r e a t e s t  drop i n  pressure  due t o  

t r a n s i e n t  vertical flow. In  s p i t e  of t h e  l a rge  d i f f e rences  i n  the para- 

meters used i n  these  equations,  t he  fu tu re  pro jec t ions  from a l l  t h ree  are 

very s imi la r .  

Figure 3 i s  f o r  a l a g  t i m e  of 30 

Tiiis i s  the  case which p red ic t s  the  g r e a t e s t  dec l ine  during t h i s  

Eiese f i g u r e s  a l s o  i n a i c a t e  the  ti-es when the  four  major w e l l s  s t a r t e d  

t o  produce. 

1967, t h e  average r e se rvo i r  pressure decl ined more rap id ly  f o r  a period of 

t i m e  and gradual ly  tended t o  level o f f .  

r e se rvo i r  da t a  and i n  the  equation curve f i t s .  

r e s u l t  of t he  t r a n s i e n t  l i n e a r  flow assumed i n  the  model. 

Note i n  p a r t i c u l a r ,  t h a t  when iv'ell G 9  s t a r t e d  producing i n  

This can be seen both i n  the  

This behavior is a d i r e c t  

It would have been poss ib le  t o  ex t r apo la t e  these  :)reduction rates f u r t h e r  

i n t o  the  f u t u r e  using Equations 1 2  and 14 .  

p o s s i b i l i t y  of using dec l ine  curves f o r  ex t rapola t ion .  

curves w e r e  t r i e d ,  but  w e  m e t  with only l imi ted  success.  

t h a t  w e  found i t  d i f f i c u l t  t o  d i f f e r e n t i a t e  between the  var ious  hyperbol ic  

dec l ine  constants  due t o  the  s c a t t e r  i n  the  da ta  a t  e a r l y  t i m e .  

Instead w e  chose t o  study the  

The Fetkovich' dec l ine  

The problem w a s  

Another approach w a s  t r i e d ,  which, as f a r  as w e  know, has  no t  been used 

before.  

genera l  dec l ine  equation has  the  following form 

We w i l l  d i scuss  t h i s  new Rethod i n  the  following paragraphs. The 

c 
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where q '( t)  = t he  r e se rvo i r  flow rate a t  any t i m e ,  t 

Q ( t )  = t he  cumulative production a t  any t i m e ,  t 

'i = t he  i n i t i a l  flow r a t e  

c and n = hyperbolic dec l ine  cons tan ts  

when rearranged Eq. 15 becomes, 

(16) dQ = qi (l+Ct)-"dt 

Equation 16 can be in t eg ra t ed  t o  any t i m e ,  t ,  and can a l s o  be in t eg ra t ed  

t o  i n f i n i t e  t i m e  t o  ge t  an expression f o r  t he  u l t ima te  reserves .  

is done and the  r e s u l t i n g  expressions are rearranged, w e  develop the  

following equation, 

When t h i s  

where 

Q* = Ultimate reserves ,  1 G 6  Tons 

To use Eq. 17 one can assume the  u l t ima te  reserves, Q*, then graph 

Q*-Q(t> versus  q ( t )  on log-log paper. 

assumed, the  da ta  w i l l  

number of values  of Q* can be assumed, and the  da t a  can be f i t  t o  the  

bes t  s t r a i g h t  l i n e  on log-log paper using least-squares  equations.  

b e s t  value f o r  Q* and b(or  n) w i l l  be f o r  the  equat ion which has the  

I f  t h e  c o r r e c t  cumulative is 

l i e  on a s t r a i g h t  l i n e .  Using t h i s  concept, a 

The 

minimum standard deviat ion.  

This concept was  appl ied t o  the  pro jec t ions  from Equations 12 and 14 

assuming a 30 month l a g  t i m e  (which predic ted  t h e  lowest f u t u r e  producing 

r a t e s )  and t h e  48 month l a g  t i m e  (which predicted t h e  h ighes t  f u t u r e  rates). 
Using t h e  concepts ou t l ined  above, when var ious  values  of Q* are assumed, 

t h e  s tandard devia t ion  should show a minimum value.  

no t  occur; t he  g r e a t e r  t h e  v a l u e o f  Q* assumed, t h e  smaller w a s  t h e  s tandard 

In  a c t u a l i t y ,  t h i s  d id  
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6, deviation. 

t h a t  t h i s  s t range  behavior w a s  caused by the  scatter i n  t h e  ea r ly  producing 

rate da ta .  

production d a t a  which shows t h i s  scatter. 

f i g u r e  t h a t  t h e  pro jec t ions  i n t o  the  fu tu re ,  using Equations 12 and 1 4 ,  
dec l ine  q u i t e  smoothly. 

da t a  and pro jec t ions  were ca lcu la ted  using Equation 17,  and then the  standard 

devia t ions  were c 

When t h i s  technique w a s  used, a range of minimum e r r o r  was found, but t h i s  

minimum w a s  very shallow, thus t h e  answer was  no t  exact.  For example, t he  

optimum r e s u l t  using t h e  30 month l a g  t i m e  equation gave an u l t imate  
reserves value,  Q*, ranging from 250 t o  300 mi l l i on  tons. 

using t h e  48 month l a g  t i m e  equation gave a value of Q* ranging from 350 t o  

400 mi l l i on  tons. 

When a d e t a i l e d  Btudy w a s  made of t he  da ta  i t  became clear 

Figure 6 shows a graph of t h e  producing rate versus cumulative 

It is  a l s o  clear from t h i s  

A compromise technique was  developed. Best least-squares f i t s  of t h e  

d a t e d - b a s e d  only on the  pro jec t ions  i n t o  t h e  fu ture .  

The optimum 

Such an inexact r e s u l t  is reasonable when one looks i n  d e t a i l  a t  t h e  f u t u r e  

pro jec t ions  of producing rate. 

h i s t o r y  wi th  a continuing gradual dec l ine  i n  rate. 

dec l ine  cannot be fo recas t  accurately.  

behavior is q u i t e  similar t o  t h a t  seen i n  Larderello,  which is  i n  a much later 

s t age  of deple t ion  than Gabbro. 

A l l  t h e  equations p red ic t  a very long producing 

The exact na ture  of t h a t  

It is i n t e r e s t i n g  t h a t  t h i s  projected 
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ANOTHER RESERVOIR MODEL 

To be complete i n  t h i s  r epor t  w e  should d iscuss  an attempt t o  match 
W 

t h e  d a t a  with ’a s l i g h t l y  d i f  

l a t e d  i n  Eq. (12) , t h e  model umes t h a t  t h e  dep ion  from t h e  deep 

zone due t o  flow toward Lardere l lo  is due t o  l i q u i d  flow (s ince  w e  are 

using ZAP). 

Further, t he  model assumes the  flow i s  only v i t h i n  the  deep zone s ince  t h e  

f r i c t i o n a l  p r y u r e  drop term t o  the  shallow zone only includes the  a c t u a l  

Gabb r o  product: Lon. 

n t  model of t h e  Gabbro system. As formu- 

It would be equally l o g i c a l  t o  assume t h a t  the  l o s s  t o  Larderello ‘is 

steam which f i q s t  must ris 
LarderelXo. I f  suc  

be proportional t o  

a f r i c t i o n a l  loss term which w i l l  include an equivalent Ap2 term which 
has been ad jus ted  f o r  t he  l a g  time. Such a model can be formulated as 

follows: 

the  shallow zone and then move on t h e  

s assumed then the  flow t o  Larderello w i l l  

1 r a the r  than Z(p-8). I n  addi t ion  we would need 

~ , ’ , . . ,  . 1. .. , ”  . . . .  . I .. . ~ . ., .,. ,. . , , . . ~  I. - . .. ”. . .. 

Equatior, 19 vas t e s t ed  aga ins t  t he  d a t a  using a l a g  t i m e  of 36 months. ’ 

d,,due t o , t h e  add i t iona l  constant,  the  r e s u l t i n g  equation As might be ex 
f i t  the  da t a  very w e l l  indeed 

completely u n r e a l i s t i c  

p o s i t i v e  from physical ns idera t ions .  Therefore, f u r t h e r  work on t h i s  

However, the  r e su l t i ng  constants were 

ometimes giving negative values when they m u s t  be 

.model was abandoned. 

t 

1 ’  

1 

crl 
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L CONCLUSIONS 

The r e se rvo i r  pressure  da t a  i n  t h e  Gabbro Zone c l e a r l y  show a pressure  

t rend toward Lardere l lo  which has p e r s i s t e d  throughout t h e  productive l i f e  

of t h i s  r e se rvo i r .  During t h e  pas t  t en  years  t h e  number of producing w e l l s  

i n  t h e  Gabbro Zone has remained constant ,  and during t h i s  t i m e  both the  

producing rate and t h e  Gabbro Zone pressure  have decl ined continuously.  

t h e r e  is  s t rong  evidence t h a t  t he  Gabbro Zone is  exh ib i t i ng  deplet ion.  

A reasonable hypothesis of t he  Gabbro Zone production dynamics is t o  

assume t h a t  deep wi th in  the  r e se rvo i r  is a zone of b o i l i n g  water which is 

supplying steam t o  the  upper producing i n t e r v a l  i n  which t h e  w e l l s  are 

completed. 

Gabbro Zone and a l s o  due t o  flow from the  Gabbro r e s e r v o i r  toward t h e  main 

p a r t  of t h e  Lardere l lo  Field.  Fur ther ,  s ince  t h e  deep zone seems t o  be 

connected t o  t h e  producing zone by a system of r e l a t i v e l y  t i g h t  f r a c t u r e s ,  

Thus 

Depletion of t h i s  deep zone can occur due t o  production from t h e  

an a d d i t i o n a l  t r a n s i e n t  pressure  drop w i l l  occur i n  the  producing zone due t b  

f r i c t i o n a l  l o s ses  as t h e  steam flows v e r t i c a l l y .  

The above concepts have been successfu l ly  incorporated i n t o  a r e se rvo i r  

model of the  Gabbro Zone production h i s to ry .  This is a lumped parameter 

model which includes t r a n s i e n t  flow. 

assumed t o  f i t  l i n e a r l y  with p/Z. 

assumed f o r  t h e  dynamics of flow from Gabbro t o  Larderel lo .  The t r a n s i e n t  

l i n e a r  v e r t i c a l  flow is  ca lcu la ted  using a l a g  t i m e  concept t o  change t h e  

t r a n s i e n t  flow terms t o  an equivalent  s teady s ta te  flow rate. Various 

l a g  t i m e s  w e r e  s tud ied  and included i n  t h i s  p a r t  of t h e  model i s  a new 

empir ical  equation which accura te ly  relates ZAP' t o  A (p/Z) . 

The b o i l i n g  water zone deple t ion  is 

A s teady s ta te  flow formulation i s  

The r e s u l t i n g  p red ic t ive  equat ion is l i n e a r  and thus least-squares  

equations could be used t o  match the  model t o  t h e  r e s e r v o i r  data .  

combinations of r e se rvo i r  s i z e ,  l a g  t i m e ,  l i n e a r  flow pressure  drop, and 

flow rates t o  Lardere l lo  were found t o  f i t  t h e  d a t a  equal ly  w e l l .  Thus, 

t he re  is  a uniqueness problem assoc ia ted  with these  f i t s  of t h e  da ta .  

Lag t i m e s  ranging from 30 t o  48 months appear t o  f i t  t h e  da t a  equal ly  w e l l .  

The equation f o r  a 24 month l a g  t i m e  p red ic ted  a somewhat higher  producing 

rate i n  1978 than a c t u a l l y  occurred. Lag t i m e s  less than 24 months and 

g rea t e r  than 48 months were a l s o  attempted. 

Severa l  

The r e s u l t i n g  equat ions f i t  

t h e  da t a  q u i t e  w e l l ;  bu t  some of t he  cons tan ts  were negat ive ,  which is Ll 

phys ica l ly  u n r e a l i s t i c .  
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A study of the extrapolatiuns of these various equations into the future 
showed that the projections to the year 1995 differ by only 6% in that year. 
Thus, although the reservoir parameters in the equations varied widely, 
the projected producing rates were quite similar. 

Further projections of the flow rates were made using a revised 

formulation of the standard hyperbolic decline equations. 
predicted a long producing life with a gradually declining rate. 
similar to the history seen in Larderello. 

These projections 
This is 

The calculations project an 

reserve ranging from 2 to 400 mi1Um-l tons of steam. This rather 

large range of predictions is caused b 
predictions in the next century. 

> 
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RESERVOIR ENGINEERING STUDIES OF THE 

TFAVALE-RADICONDOLI RESERVOIR 

A. Barelli, M. Economides, G. Manetti, and F.G. Miller 

1. INTRODUCTION 

Initial reservoir engineering studies of the Travale-Radicondoli steam- 

field in the Larderello region of Italy were begun in late 1976, with the 

ultimate objective of estimating energy reserves. 

pressure transient (well test) studJes. Reasonable success was attained 

Research centered on 

in studying mathematical models of the reservoir in an attempt to dupli- 

cate the pressure buildup behavior of Travale Well 22 as observed in the j 

1 field. 

volving Well T-22 as the test well, and seven other nearby observation 

wells. 

A well interference test was later designed and implemented, in- 

Results of analysis of the test appeared to be conclusive. They 

indicated the direction of the main fracture in the reservoir which is 

penetrated by Well T-22, the steam flow pattern in the reservoir, and that 

the reservoir can be represented by a parallelepiped model. 

Following this study, it was believed that a better concept of the 

Travale reservoir structure and the flow behavior of its fluids could be 

developed through analysis of the pressure-production history of Well T-22 

over a period of two years and seven months, beginning just after construc- 

tion of a power plant in 1973. 
1 

2. METHODOLOGY 

The data available (Fig. 1) consist of a long wellhead pressure his- 
. !  

tory from July 1973 to July 1975. 

head temperatures, and noncondensable gas composition were recordedronoe 

month. By means this information, Eottomhole pressures were calculated. 

During this period, flowrates, well: 

i 
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Flowrate changes and many shut-ins also took place during this period. 

Since almost all models used in well test analysis are based on constant 

flowrate and the superposition principle, the data have been processed 

to make them comparable with these models. 

ing is the pressure drawdown response to a unit step flowrate. 

idealized drawdown will be named "influence function" hereinafter. Com- 

The result of this process- 

This 
6 

parison between the influence function and the most appropriate models 

can disclose information on flow pattern and reservoir parameters. 

3. PARALLELEPIPED INTERPRETATION 

3.1 Description of the Model 

Parallelepiped models were developed. ' ' A parallelepiped reser- 

voir such as that depicted in Fig. 2 was introduced. The system was 

bounded laterally by vertical impermeable planes, the top of the reservoir 

was a horizontal no-flow boundary, and underlying the reservoir was a con- 

stant pressure plane. 

lows : 

The general assumptions for this model are as fol- 

1) The well produced at a constant flowrate in an anisotropic homo- 

geneous reservoir of constant properties (k and $ were independent of 

pressure and temperature). 

2) The reservoir contained a slightly compressible fluid of constant 

viscosity, 11, and compressibility, et. 

valid, there is considerable evidence that it is a good approximation €or 

gaseous systems when the m(p) function is used. 

Although this assumption is not 

3) There were only small pressure gradients in the reservoir, and 

negligible gravity effects. 
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- 
& 

4) Well fluid production was via a vertical fracture which partially 

penetrated the reservoir. 

elevation, and the fracture could extend to any depth. 

The top of the fracture could be located at any 

5 )  The initial pressure, pi-, was the same throughout the reservoir. 

Although the fracture could be located anywhere in the reservoir and 

the reservoir dimensions could be chosen arbitrarily, the only cases stud- 

ied were those in which the fracture was located in the center of a paral- 

lelepiped reservoir of square' horizontal cross-section, with the fracture 

extending downward from the top of the reservoir and oriented parallel to 

two of the vertical boundaries. Using Green's and source functions, equa- 

tions of the dimensionless pressure, time, and reservoir thickness were 

presented: 

k t  
Y 

X e 
eD xf x = -  

k 
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A'computer program was written to calculate the pressure drop at any 

point in the system at any dimensionless time, t 

made by considering different values of dimensionless formation thickness, 

hD,. fracture penetration ratio, xe/xf , and dimensionless fracture height, 

. Several runs were 
W 

Dxf 

The dimensionless formation thickness varied from 2 to 20,-the hf IX, *. 
fracture penetration from 2 to 10, and the dimensionless fracture height 

was assumed to be unity. 

All cases exhibited a unique one-half slope straight line €or small values 

of time. This behavior was caused by the linear flow behavior in the 

fracture. At large values of+time, the wellbore pressure 

, indicating steady-state flow in the system, Figures 2 

W 

how that over a large gion of the graph, the curves for pressure 

response at a fractured we13. in a parallelepiped reservoir were similar 

inite conductivity vertical fracture solution for an 

infinite reservoir. 

3.2 Data Manipulation and Type-Curve Matching 

The first major task was to manipulate the physical data. First, 

since there were no accurate pressure data during the in i t ia l  47 days, a 

widely practiced method of averaging was used. 

prior to the 47th day was added and then divided 

All cumulative production 

lait flowrate (150 

tons/hour). Thus a "pseudo" t 

has theoretical basis in superposition in time, as can be found in Horner 

and other sources. 

16. 

appear on the data. 

shutdown, they were "hand smoothed." 

Therefore, "day zero" in the long drawdown data is day 

The second "data manipulation" concerned the three shutdowns that 

Since no pressure data were collected during the 

A simple influence function, 
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hD= 

STEADY-STATE FLOW 

END OF LINEAR 
FLOW PERIOD 

loo2 loo 

Dxt 
t 

10' lo2 

1 

FIG. 3 - Log pD/hD vs log tDx for a fractured well in a 
f 

para1 1 el ep iped res ervo ir (xe/xf= 5 2 .  

c 
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2 Ap /q, w a s  used. The graph appears on Fig. 4 .  A Car tes ian  graph w a s  w 
I 

used t o  show t h e  nc t ion  (bottomhole p re s su res  b 

throughout the ca l cu la t ions ) .  

The next  task w a s  t o  graph t h e  inf luence  func t ion  on log-log paper, 
I ." 

'matched on a type-curve prepared f o r  a "para l le lep iped  r e se rvo i r "  pene- 

- t r a t e d  by a ver t ical  f r a c t u r e  (Fig. 5 ) .  Severa l  i n t e r i m  c a l c u l a t i o n s  

were done i n  o rde r  t o  f a c i l i t a t e  t h e  type-curve matching. I f  t h e  p a r a l l e l e -  1 

3 

piped assumptions are t o  be accepted, then t h e  f l a t t e n i n g  of t h e  pressure  

curve t h a t  appears  on Fig. 5 should be i n t e r p r e t e d  as t h e  r e s u l t  of bo i l -  

i ng  subformation w a t e r .  

type-curve matching r e s u l t e d  i n  t h e  following set of poin ts :  

I , 
This breakpoint appears t o  be  about day 475.  The 

x = Xe/Xf = 5  e D  

2 Ap /q = 10 

pD/\ =- 0.94 

t = 100 days 
- 1 )  z . 

1 , - -  9 -  \ = ?  

From xeD 5 ,  YeD = 5 ,  and t h e i r  d e f i n i t i o n ,  w e  ob ta in :  

t = I  a. X 
X Y  

Since t h e  r e s e r v o i r  la teral  ex ten t  is-known (1 km i n  each d i r e c t i o n ) ,  then: 
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FIG. 4 - Cartesian graph of drawdown of T-22. 

10' 

too 

t 

1 

FIG. 5 - Type-curve matching of T-22 drawdown 
data. Type-curve for a parallelepiped 
reservoir with a vertical fracture. 
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, 

x = 500 m \ 

e 

xf = 100 m 

From the definition of the dimensionless pre'ssure: I 

and substituting the known variables: 

(k k )1'2 = 3 . 3 4 ~ 1 0 ~ ~  darcy (4) = Y  

From the definition of dimensionless time: 
L -3 

ana substituting the known variables: 

t ions : 

- k2k x z  ' = 7.8xlO-'' darcy - 3  
t) 
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Combining Eqs. 5 and 6-b, then: 

$kZ = 1.5~10-~ darcy 

Introducing the definitions of h in Eq. 6-b: D 

h - $ = 47.7 m 
hD 

and hence 

h$ = 430 m 

The pore volume is then: 

8 3  V$ = 4 y x h$ = 4x10 m e e  

Another interpretation using the same match can be made by following 

Grant's approach which considers the thermodynamics related to phase 

changes. 

is still valid in the two-phase zone if $c 

8 

He shows that for small pressure changes, the diffusion equation 

is replaced by an "effective t 

compressibility," the value of which is on the order of 0.06 atm" in this 

case. 

Calculations have been repeated starting from Eq. 4 downwards. The 

main results are: 

-1 k = k 1 10 darcy 
X Y  

kZ darcy 

h = 0.3 km 
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4. AN ALTERNATE APPROACH 

4.1 Bottomhole Pressure Calculations 

Bottomhole pressure history was calculated by Rumi's method. Adia- 

batic flow of pure steam was considered. 

4.2 Influence Function: Calculations and Results 

lculated bottomhole pressure history, the drawdown due 

to a unit step flowrate (influence function) was calculated according to 

ref. 5 ,  assuming only that the superposition in time is valid. 
2 2  

The influence function was calculated in terms of (p.-pwf)/G. 1 Squared 

p's were used because steam is considered to be a perfect gas (Figs. 6 and 

7). 

The calculated influence function is graphed on log-log paper on Fig. 6. 

The drawdown pressure history match based on Ap2 is shown o 

A certain scatter is evident, probably due to uncertainties in the data 

period). Nonl servoir 

may also invalidate the superposition principle. 

Type-curve matching has been attempted with models considering frac- 

tured reservoirs. Satisfactory matches were obtained, but reservoir param- 

eters such as fracture height, fracture length, and reservoir volume are 

in contrast with the size of the known reservoir, probably because the 

models do not consider phase changes. 

Since the interference test cond 

presence of linear flow in the reservoir, the influenc 

graphed vs the square root of time (Fig 

flow regime. The main ion of the data (from 45 days t o  2 . 5  years) 

seems to lie on a straight line, suggesting 
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2 The s lope o€ t h i s  s t r a igh t  l i n e  is (0.184 a t m  ) / ( t / h / G ) .  W e  do 
. .  

t h i s  l i n e  does not i n t e r sec t  t he  o r ig in ,  s ince i n  l inear-f low,  

s are proportional t o  t h e  square root  of time. 

a l so  shows t h e  r e su l t  of t he  i n t  Terence test. The two 

t o  be t h e  same despi te  t he  f a c t  t h a t  d i f f e ren t  ranges of time 

t iga ted .  The earlier data  are d i f f i  

s ince  the  flow pressure h is tory  of t h e  f i r s t  45 days is unknown. 
. .  

g t h e  parallelepiped model, two major bene f i t s  can be extracted: 

a diagnosis of t he  shape of t he  rese 

2) - t h e  values of t h e  d i rec t iona l  permeabili t ies.  

In t h i s  case unfortunately the  da ta  scatter prevents a unique match 

and consequently the  reservoir  parame 

l le lep iped  model gives a 

not w e l l  determinable. 

e volume than  would be 

geological knowledge; t h i s  observation leads t o  the  hypothesis 

of phase khanges with strong thermodynamic im ons, as suggested by 

Grant 8 

t e  approach t o  the  problem w a s  a l s o  made and an "influence 

ra ted  postulating only tha superposition 

id .  This influence function pe 

se f o r  a given flow rate h is tory  independently of t he  type of 

he parallelepiped model and t h e  a l t e r n a t e  ap ea1 the  

presence of a lipear flow pa t te rn  as indicated by t h e  interference test 

and buildups, but they d i f f e r  from each other  a t  later times. 
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NOMENCLATURE 

c = isothermal compressibi l i ty  

G = mass flowrate 

h = pay thickness 

hf = f r ac tu re  height 

k = permeability 

m(p) = real gas po ten t i a l  

t 

M = molecular weight 

= pressure 

pi = i n i t i a l  pressure 

. = flowing pressur 
Pwf 

PWS 
= shut-in pressure 

R = universal  gas constant  

T = absolute  temperature 

t = flowing time 

xf = half-fracture  length  

x = boundary loca t ion  e 

= boundary loca t ion  Y e  

V = reservoi r  bulk volume 

z = gas deviat ion f a c t o r  

1.I = v i scos i ty  

0 = porosi ty  

Subscript 

D = dimensionless 
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STUDY OF WATER INFLUX AND FLUID COMPOSITION I N  THE , FIELD 

(Progress report  and plan of fu ture  'acti  

Romano Celat i ,  Franco D'Amore, Michael J. Eco 
and Giuseppe Neri 

Abstract 

The purpose of Project  3/15 is t o  study water i n  
of f l u i d  composition i n  the Bagnore f i e l d .  A s  th is  f i e  

amounts of noncondensable gases it is an idea l  candidat 

re la t ionship of these  gases w i t h  t h e  flow performance of 

An addi t ional  asset is that a p o s t e r i o r i  models ,can be d 

f i e l d  is depleted. The u l t imate  goal, of course, 

applicable t o  o ther  reservoi rs  a t  an ear ly  s tage  

Introduction 

mal w e l l s .  

Short-term as w e l l  as long-term models are t o  be c 

Pressure t r ans i en t  analyses can be u t i l i z e d  t o  estima 
ables  such as permeability, porosity,  and extent  of 

Thermal e f f e c t s  are usual ly  ignored i n  such analyses 

operation is assumed, but t h i s  can a f f e c t  t h e  r e l i a b  

Other f ac to r s  complicating geothermal rock formation 

faces, f r ac tu re s  i n  otherwise impermeable matrices, 

For t h e  Bagnore f i e l d ,  l a r g e  quan t i t i e s  of nonconden 

p l i c a t e  analyses. 

From preliminary work it appears t h a t  pressure analy 

by use of t h e  "real' gas pseudopressure," m(p) , defined 

1. 

c 

PO 

i n  which p is t h e  pressure of in t e re s t ,  po a base pr  

viscosi ty ,  and Z t he  gas deviat ion fac tor .  A ca lcu l  

gas pseudopressure o r  po ten t i a l  f o r  t h e  Bagnore f i e 1  

Additionally, a more general  form of t h i s  function 

7. 

L, 
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generated f o r  various noncondensable gas compositions. 

must consider a l s o  t h a t  classic techniques of pressure ' t ransient  analy- 

sis presume' single-phase f l u i d  reservoirs .  

However, one W 

An approximat 

configuration 

Even t h i s  configuration with its assumption of vapor- and liquid-dominated 

t is believed t o  be 
cent ly  published "parallelepiped model .'I 

t yp ica l  g eot hermal-r eservo ir 

zones, may y ie ld  only gross-approximation r e s u l t s .  

j u s t  completed at Stanford University ind ica tes  that s ign i f icant -  amounts 

of f l u i d  can be adsorbed'on t h e  surfaces pf geothermal rocks. 

Laboratory ' research 

Boiling 

off of t h i s  adsorbed 

amount otherwise be 

can account 

c A solut ion of appl icable  p a r t i a l  dif  f e r en t i a l r  equations using t h e  sdsorbed 

water mathematically as a source function is planned f o r  ear ly  a t ten t ion .  
* L a  

.2. A more sophis t  ted approach t o  the  Bagnore reservbi r  

extension t o  other  geothermal reservoirs ,  t o  use.M.' O'Sullivan's two- 
phase model, recent ly  discussed i n  t h e  

Journal. 

The O'SullAvan model has already been modified i n  t h e  present 

t o  include t h e  e f f e c t  of carbo 

tended e a s i l y  t o  include other  gases, methan 

cons is t s  of a numerica 

long-term behavior of t h e  Bagnore f i e l d .  
dynamic and t h e m  

it can a l s o  accoun 

the  recent Stanford f ind in  

An e f f o r t  toward t h i s  

oxide. t h i s  modification can be ex- 
o r  example. The mode 

t o r  which is  designed t o  in t e rp re t  t h e  

This simulator includes bot 
f f e c t s ;  with the  introduct ion 

3. While pressure t r ans i en t  analysis  may provide values f o r  reservoi r  param- 

e a b i l i t y ,  porosity 

estimates of t h e  1 

voirs.  Whe orbed o r  whether 

major source f o r  s t e a m  productio 

A guide method u t i l i z i n g  <a "black box" Rayleigh d i s t i l l a t i o n  a l s o  has been 

developed i n  t h e  ,present work. 

fo r  t h e  d i s t i l l a t i o n  calculat ion can be both functions of pressure and 

The d i s t r i b u t i o n  coef f ic ien ts  necessary 
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temperature. 

provided that no water i n f l u x  o r  genera t ion  of C02 is  evident.  

A n  a l l  encompassing v e r i f i c a t i o B  of t h e  above methods can be  represented 

by t h e  r e s u l t s  of a geochemical study c u r r e n t l y  under development. A 

conceptual model a b l e  t o  expla in  i n i t i a l  d i s t r i b u t i o n  of C02, CHI; and 

possibly H3B03 and NH3, u t i l i z i n g  equi l ibr ium ca lcu la t ions ,  w i l l  be in- 

The method can g ive  an approximation of t h e  l i q u i d  r e se rves  

4. 

v e s t  igated.  

Temperature of t h e  dep le t ing  r e s e r v o i r  can be  ca l cu la t ed  using appropri-  

ate H and H2S geothermometers c u r r e n t l y  under development. 2 

The geochemical study could confirm t h e  decreas ing  he ight  of t h e  vapor- 

dominated zone, t h e '  lowering of temperature by water-table in f lux ,  and 

poss ib ly  could reveal coning phenomena as w e l l  as determine whether appre- 

c i a b l e  amounts of  carbon d ioxide  are e n t e r i n g  t h e  b r ine  e i t h e r  by lateral  

in f lux  o r  by genera t ion  i n  place.  

evaluation of t h e  o t h e r  models mentioned earlier i n  t h i s  r epor t .  

Answers t o  t h e s e  ques t ions  w i l l  a i d  

Future work 

The cont inua t ion  of Task 3/15 w i l l  be accomplished p a r t l y  i n  I t a l y  and 

p a r t l y  a t  Stanford. 

I n  I t a l y  t h e  model developed under Task 3/15 w i l l  be f u r t h e r  improved 

and applied t o  t h e  Bagnore f i e l d .  

Gas behavior w i l l  be inves t iga t ed  applying t h e  a l r eady  modified model 

of O'Sullivan. 

A t  Stanford t h e  major e f f o r t  w i l l  be devoted t o  developing simple tech- 

niques f o r  analyzing p res su re  t r a n s i e n t s ,  'taking i n t o  account t h e  real gas  

p o t e n t i a l  f o r  t h e  Bagnore f i e l d ,  while long-term gas behavior w i l l  be  s tud ied  

by means of t h e  Rayleigh d i s t i l l a t i o n  c a l c u l a t i o n .  
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HELIUM PROSPECTING I N  GEOTHERMAL ,AREAS W 
Prel  iminary Data on Larderel lo-Travale and Cesano Geothermal F ie lds 
R. Ber t rami j ,  A. Ceccarel l i ’ ,  I. Friedman2, W. Doering2, and S. Lombardi 

3 

One o f  the o b j e c t i v  emical prospe 

research is t h a t  o f  i n d i v  n the surface ta t ions,  i n d i c a t o r s  

o f  bur ied geotherm 

natura l  waters and s o i l s  have been pro 

1970; A. Koga and T 

and P.R. Buseck, 19 

gas was a lso proposed as an 

Roberts e t  a1 , 1975; I Friedman 

remely simple and 

It has, however, 

never been experime ermal f i e l d s .  
1 

As p a r t  o f  a of a wide reg ion 

o f  t he  pre-Appennin 

data obtained i n  t h e  geothermal f i e l d s  of Larderel lo-Travale and Cesano. 

B r i e f  Geological Ou t l i ne  

d discusses the  

Larderel  1 o - Traval e 

Many papers describe i n  d e t a i l  the geological  and t e c t  c features of 

geothermal f i e l  ds (e> Lbzzarot to, 1967 ; 

1. ENEL-UNG, Pisa, I t a l y  
2. USGS Federal Center, Denver, CO USA 
3. I s t i t u t o  d i  Geologia, Un ive rs i t a  d i  Roma, Rme, I t a l y  

kd 

< 
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Fig. 1 - Geological-structural sketch of the Larderello-Travale region 
(from G.P. Brandi et al., 1968; A. Latzarotto and R. Mazzanti 

1976; redrawn). 

1: Tuscanides: 

2: Ligurides: shale and 1 imestone complex (Eocene). 
3: Ligurides: marly 1 imestone complex (Cretaceous-Upper Paleocene) . 
4: Ligurides: ophyolitiferous complex (Lower Cretaceous). 
5: Lacustrine and marine sediments (Upper Miocene-P1 iocene). 

basal terrigenous complex, carbonate complex, 
upper terrigenous mplex (Upper Triassic-Oligocene). 

a: Faults, with triangle in the dipped side. 
b: Overthrusts. 
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R.. Cataldi e t  a l . ,  1963; R.  Celati ,  e t  a l . ,  1978). 

The geological history can be summarized as follows (Fig.  1):  

t the.oldest  formations belong t o  a metamorphic Paleozoic basement, 

p by phylli tes and quartzites w i t h  intercalations o f  dolomites, 

u 

marbles' and anhydrites. 

- A complex ser ies  of nappes lying on the basement were implaced 

dur ihg  the l a s t  phases of alpine orogeny (Upper - Middle Miocene). 

the bottom t o  the t o p  i t  can be d i s t ingu i shed  as: a )  "Tuscanides" (Upper 

Triassic-01 igocene) constituted by a sequence o f  basal terrigenous complex, 

a carbonate complex and an upper terrigenous complex. The Tuscanides and 

the upper par t  of the basement represent the geothermal reservoir; b )  "Ligurides" 

(Upper Jurassic - Eocene) which  include three main flysch-facies units thrust 

one over the other, from bottom upwards: shale and limestone complex (Eocene), 

marly limestone complex (Cretaceous - Upper Paleocene), ophyol i tiferous complex 

(Lower Cretaceous). 

From 

8 

- Lacustrine and marine formations overlie the whole series w i t h  

unconfomi ty (Upper Miocene - Pliocene). 

are assumed t o  represent the impermeable cover of the geothermal reservoir. 

These formations and the "Ligurides" 

-Cesano 

geothermal f i e ld ,  described by many papers (e.g., E. Locardi 

e t  a l . ,  1975; P. Baldi e t  a l . ,  1976a; P. Baldi e t  a l . ,  1976b; R. *Funiciello 

e t  a l . ,  1976; R. Funiciello e t  a t , ,  1979). is located about 20 km north of 

Rome, i n  the Sabatini Mts. 

I t  corresponds t o  a minor i g h ,  bordered by normal faults.  
I ins ide a large graben t h a t  developed beginning i n  t h e  Upper Miocene on the 

pre-Appeni ne, bel t .  
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Ph$eatomagqatic activity occurred between approximately 200,000 and 

100,000 years ago, corresponding to the youngest volcanic activity of the 

Sabatini Mts. 

500,000 years ago. 

flows followed by markedly alkaline lavas and pyroclastics. 

of pyroclastic products may reach 1000 meters. 

L 
The Sabatini activity (mainly fissured-type)' started around 

The first products were acidic trachytic pyroclastic 

The thickness 

The sedimentary deposits beneath the volcanic cover are described below 

(see Fig. 2): 

- a) discontinuous post-orogenic sedimentary activity, including 

lithotypes ranging in age from Lower Pleistocene to Upper Miocene, mainly 

clay, occasionally silty, with conglomeratic horizons. 

- b) Flysch-facies complex, 200-900 meter thick: numerous litho- 

types are represented (shaly argi 1 1  i tes, marl s, sandstones and 1 imestones) , 
the age of which range from Middle Cretaceous to Lower Mioce+ne. 

- c) Carbonate basal sequence including marls, marly limestones, 

and limestones, ranging in age between Oligocene and Upper Trias. The 

Upper Trias is present both as dolomitic limestone and as calcareous- 

anhydri tic formations. 

Experimental Work 

The survey consisted of a grid sampling in the Larderello-Travale 

and Cesano fields, with a density o f  one sample per square kilometer. 

work took place in July, August and September 1980, when climatic conditions 

The 

were quite uniform with little precipitation. 

A total of more than 1000 samples were collected, out of which 800 

in Larderello-Travale and 280 in Cesano. In the latter area, some profiles 

were made with a sampling density roughly o f  3 points per square kilometer. 

Three samples were taken at each sampling point by inserting a metallic 
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W 

I 
I 

I i I 

Fig. 2 - Block diagram showing the relationship between volcanic cover and 

cycle on Cesano geotherm d (from P .  Baldi e t  a l . ,  

1976b). 
I 

, 

U 
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c;k probe i n  the ground, according t o  the technique used by the USGS laboratories 

a t  Denver (G.M. Reimer and G.C. Bowle, 1975). The samples were collected i n  

evacuated glass containers (VACUTAINEP VEWOJECT @) , f i t t e d  w i t h  rubber caps. 

Tfie measurements were made us ing  a Dupont 120 SSA-leak detector, f i t t e d  

w i t h  an i n l e t  device designed and constructed by the USGS, Denver, (G.M. Reimer, 

1976). 

although most of these were carried out i n  the laboratories a t  Denver about 

15-20 days a f t e r .  

Part  of the measurements were made a t  Larderello, 3-4 days a f t e r  sampling, 

The resu l t s  of aliquot samples analysed both i n  Denver and Larderello 

show tha t ,  w i t h i n  experimental error ,  the data obtained i n  both laboratories 

a re  very close one to  the other. 

Resul ts and D i  scussi on 

Larderel 1 o - Traval e 

Figure 3 shows the helium d i s t r i b u t i o n  i n  the  Larderello-Travale area. 

One can immediately note t h a t  the posit ive anomalies above the concen- 

t ra t ion  of helium i n  a i r  taken as  a reference zero, a r e  found in ra ther  well- 

defined areas. 

The concentration values are  never more than 1 ppm above tha t  i n  the 

atmosphere, except for  two points on the margin of the present study area 

which have the highest values of 8 and 33 ppm. All values greater than 50 

parts per b i l l ion  (ppb)  above the 5240 ppb found i n  a i r  are  considered 

anoma 1 ous . 
The main character is t ics  of this d i s t r i b u t i o n  are: 

1. Practically no anomalous helium concentrations were found i n  a 

wide zone i n  the north (Micciano-Pomarance). 

Some anomalous concentrations were recorded near the productive 2. 
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Fig. 3 - Distributio of the helium in the soil 

Travale geothermal field. 
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f ie lds  i n  the Larderello zone ( A l ,  A 2  and A3 i n  F ig .  3 ) .  

3. An anomaly zone extends between Larderello and Travale (B1 and 

B2), including: the area of gas wells a t  Sesta (which are  not 

under exploitation),  the old abandoned Travale f i e ld ,  and the new 

Travale f i e ld  (which has been producing f o r  the past 7 years). 

4. High helium values were found i n  some marginal zones of the studied 

area (C1 , C2,  C3 and C4). 

In the f l u i d s  produced i n  the Larderello geothermal f i e ld  (areas 

w i t h  L label i n  Fig.  3)  a helium content ranging from 5 t o  20 ppm (v/v i n  

the gas) was found (F.  D'Amore e t  a l . ,  1977; see Fig. 4). These h i g h  values 

Id be related t o  an accumulation process i n  the geothermal reservoir 

feeding the wells under  observation. 

tha t  the helium abundances i n  the soil gases do no t  follow the d i s t r i b u t i o n  

pattern observed i n  the reservoir. 

Figs. 3 and 5, one can note tha t  i n  the whole area there is no helium anomaly 

o r  i t  i s  reduced i n  l oca l i t i e s  w i t h  wells tha t  have been i n  production for  

a long time (> 30 years) tha t  is, where the geothermal reservoir has been 

highly exploited. On the other hand, anomalies i n  soil gases are t o  be found 

Comparison between F i g s .  3 and 4 shows 

However, if  comparison is made between 

- 

c 

where exploltation has been less intense or  absent. 

The well head pressures i n  the productive area of Larderello are given 

i n  Fig.  6. 

higher and the reservoir is therefore more disturbed. 

i n  the soil gas occur where lower pressures a re  measured. 

suggest tha t  the apparent reduction of helium i n  the so i l  w i t h  h i g h  production 

may be due t o  the f ac t  t ha t  helium has a preferential route to  escape through 

the producing wells and therefore less  escapes into the ground. 

t h a t  many of the surface manifestations have disap.peared i n  the  Larderello area Li 
w i t h  the onset of exploitation. 

The lower pressure areas are those where exploitation has been 

The lower helium values 

These observations 

I t  is  notable 
,--. 
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elium concentrations in the we 

ore e t  a l . ,  197 
isoconcentration lines with values 

field (from D 
1 :  Interpolat 
2: Isoconcentration lines for areas with few wells surveyed. 
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Fig. 5 - Distribution of the wells in the Larderello-Travale geothermal field. 
1: Wells in production (July 1980). 
2: Productive wells not in production (Ju 
3: Not productive wells. 

Y 1980). 

Dashed areas: intensively drilled areas wibh most o f  the wells in 

production. 



, 

. .  . 

. .  . .  

. (. . 
Z .  

Fig. 6 -.Well shut-in pressures in’ the Larderello geothermal field. 
2 

1: Interpolated isopre.ssure l ines with values i n  Kg/cm . 
2: Extrapolated i sopressure 1 i nes. 
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However, the anomalies of areas A l ,  A 2  and A3 ( F i g .  3) may be controlled L, 
by a higher rock permeability, as these zones have small outcrops of the 

reservoir (A2) and of ophyolites ( A l ) .  

included i n  the impermeable cover b u t  l a te ly  studies have shown tha t ,  due 

The l a t t e r  u n t i l  recently were 

to  the i r  good fracture-derived permeability, they may be i n  hydraulic contact 

w i t h  the geothermal reservoir (C. Calore e t  a l . ,  1979). 

The extensive anomalous zone between Larderello and Travale (B1 and 

B2) corresponds to  a zone w i t h  a considerable geothermal anomaly ( F i g .  7)  and 

relat ively insignif icant  exploitation; the old Travale f i e l d  has, i n  f a c t ,  

been abandoned fo r  quite some time now and only a few of wells i n  the new 

f i e ld  are  i n  production, and for a few years pnly. T h i s  anomalous zone can 

be divided Into two sectors (I31 and B2). 

The southern sector (Bl) has the highest helium v a h e s  found on the 

perimeter of the productive fields; the geothermal gradient here reaches O.l0C/m 

and the top of the reservoir is  a t  a re la t ive ly  shallow depth ( F i g .  8). 

values range from a m i n i m u m  of zero ( i n  correspondence to  the carbonatic 

outcrops a t  Poggio l e  Cornate and south of Travale - Fig .  1)  t o  a maximum of 

about 600 ppb i n  the middle of the sector. 

The 

The northern sector  (B2)  has qa i te  homogeneous values tha t  are about 

160 ppb above tha t  of the a i r .  

T h i s  d is t r ibut ion can be related to  the geological and structural  

differences between the two sectors (F igs .  1 and 8).  

of Neogenic te r ra ins  w i t h  a notable s t ructural  low (Anqua graben) where the 

Sector B2 i s  an area 

maximum depth o f  the top of the reservoir is 1200 m below sea level (R.  Cataldi 

e t  a l . ,  1977). 

- I t  would appear from this tha t  certain major tectonic factors ,  such as 

the fau l t s  and uplifted structures of the Anqua-Salaio Zone (Fig.  1 ) ,  have L. 
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an in f luence on the presence o f  helium anomalies on the surface. 

It should, however, be noted t h a t  the great thickness o f  sedimentary 

cover (mostly i n  excess of 100 

b lock the  escape o f  he 

t e r s  t h i c k  i n  sec to rB2)  i s u n a b l e  .to 

The tecton ic  s t ructures o f  Anqua-Salaio extend towards Pomerance, which 

i s  a zone w i t h  no reco l i u m  anomalies. The top of t he  rese rvo i r  i n  

i s  more than 2000 meters below the ground 

he margins o f  the study ( C l ,  C2, C3 and 

f a u l t  systems and where the top o f  the C4) are genera l ly  

rese rvo i r  i s  w i t h i n  undred meters from the surface ( C l ,  C3, C4) o r  ’ 

a n t i t i e s  o f  helium p resen t . i n  the geothermal , 

eservoir  presumably f i nd  an easy escape rou te  through these areas which are 

1 

characterized e and evapor i t i c  Mesozoic formation and T r iass i c -  

Paleozoic q u a r t z i t j c - p h y l l i t i c  formations. I n  addi t ion,  tecton ics plays an 

po r tan t  r o l e  i n  f a c i l i t a t i n g  the’helium. leakage as a l l  f o u r  areas-are near 

he borders between:_horst and graben structures.  I 

The presence o f  g r a n i t i  

(Nicc io le ta)  and west of C1 ( 

anomalies i n  .z 

bodies a t  shallow depth near the area C2 

- i‘ * I - < *  

- Cesano 

Fig. 9 shows! the i o n  of sampling s i t e s  and the helium anomalies 

i n  the Cesano areii 

The p o s i t i v e  anomalies are located mainly i n  two be l t s ,  east  and south 

of Bracciano l a k  

a i r  composition i s  f a i r l y  high. The p o s i t i v e  values range from 50 t o  150 ppb 

and a few are even higher, reaching a maximum o f  400 ppb. The anomalous values 

?he he1 ium..enrichment found i n  so i  1 gases compared wi th  

I.’ 
are represented i n  Figs. 10 and 11. 
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Fig. 9 - Distribution of the helium anoma 
Cesano geothermal field. 

1: Sample's location. 

ies in the soil gases in the 

2: Limit o f  important anomaly areas. 
3: Geothermal wells. 
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Fig. 10 - Comparison o f  the distribution of helium anomalies with the 

rdelisi, 1979). 

ciano lake is also shown. 

1: Anomalies between 50 and 100 ppb; 
2: Anomalies between 100 and 150 ppb; 
3: Anomalies exceeding 150 ppb. 

lines: gravimetric contours (m gal G 
Dashed lines: geothermal gradient contours (OC per 10 m. depth). 
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Fig. 1 1  - Comparison of the distribution of helium anomalies with the 
tectonic features of Sabatini Mts. area (from R. Funiciello, 

personal communication) 

1: Helium in soil gas from 50 to 100 ppb. 
2: Helium in soil gas from 100 to 150 ppb. 
3: Helium in soil gas over 150 ppb. 
4: Mineral springs. 
5: Mineral springs with gas. 
6: Hot mineral springs. 12: Inferred faults. 

7: Hot mineral springs with gas. 
8: Mineral wells 
9: Mineral wells with gas. 
10: Gas manifestation. 
11: Faults. 

I 
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In the former they a re  superposed on a gravimetric map, which also 

I t  can be 
W 

shows geothermal gradient i n  the eas t  zone of Bracciano lake. 

noted that  the most str iking helium values do correspond to  a gravimetric 

h i g h  where the geothermal gradient reaches i t s  maximum value ( O.Z°C/m). 

In F i g .  11 a comparison i s  made w i t h  the alignment of the main f a u l t  

systems (mostly normal f a u l t s )  and the location o f  the c ra te rs  produced by 

recent phreatomagmatic ac t iv i ty  of the Sabatini Mts. Both f au l t s  and craters  

' are  i n  l ine  w i t h  the main tectonic trends of the pre-Apennine bel t .  I t  can 

be seen t h a t  the dis t r ibut ion of the helium anomalies i s  related to  these 

main trends and, i n  par t icular ,  t o  the distensive tectonics which have been 

active i n  the area d u r i n g  successive phases from Early Neogene t o  present. 

The anomalies, a t  l ea s t  i n  par t ,  are  located i n  the zone of the younger 

phreatomagmatic calderas (=100,000 years),  which moreover are  related to  the 

recent dis tensive tectonics. 

Finally, i t  is  wrth stressing tha t  i n  the area where we find the higher 

anomalous helium values i n  so i l  gases, d r i l l i ng  has proved the existence of 

a peculiar geothermal f i e ld .  

F i  rs t Concl us i ons 

The resu l t s  of this study show tha t  a large helium anomaly ex is t s  i n  

the Larderello-Travale geothermal f i e ld .  However, since the productive wells 

provide a preferential  escape route from the reservoir,  the helium can be 

detected i n  the so i l  gases where the reservoir is relat ively undisturbed and 

the rock permeability i s  favorable. 

The depth o f  the top of the reservoir i s  probably a controlling factor 

for  the existence o f  posit ive helium anomalies on the surface: where the 

cover i s  of the type found i n  the study areas, the helium probably can no 

longer escape if the roof of the reservoir l i e s  below 2000 m from ground level.  
W 
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The tectonic framework has a l so  an important role i n  controlling G helium leakage, and fracture systems are  c lear ly  delineated by this gas. 

Furthermore helium tends t o  escape from the water recharge zones. 

only exception t o  this rule is Poggio l e  Cornate ( w i t h  outcrops of the 

reservoir and no helium anomalies) which is  located near the Castelnuovo 

The 

productive area, where the exploitation has brought about a strong decrease 

i n  the reservoir pressure and i n  helium abundance.. 

Ln the Cesano area, the helium anomalies correlate  well w i t h  the 

h i g h  geothermal gradient and w i t h  the structure.  

In this area the highest helium anomaly i s  located eas t  of Bracciano 

lake, where a peculiar geothermal f i e ld  has been discovered i n  recent years. 

I t  is  worth noting tha t ,  contrary to  Larderello, the Cesano f i e ld  

has not yet  been affected by intensive exploitation. 

Future Development 

Considering the resu l t s  obtained so f a r ,  the study will proceed a long  

the following l ines:  

completing the case his tor ies  by prospecting of the whole region 

between Larderello and Rome and i n  par t icular  other known f i e lds  

where exploitation has been less  intense t h a n  a t  Larderello 

(Alfina, Latera) o r  the reservoir s t i l l  undisturbed (Co l l i  Albani); 

more detailed surveys i n  correspondence t o  particular tectonic 

features ; 

isotopic analyses of the helium found near the geothermal f i e lds ,  

both on the surface and i n  the reservoir,  t o  obtain a be t te r  

definit ion of i t s  origin and leakage mechanism; 

further study of possible relationships between helium anomalies 

and seismic act ivi ty .  Lid 
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Research in Geothermal Energy 

Earth Sciences Division 
Lawrence Berkeley Laboratory 
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Berkeley, California 94720 

1 

PROGRAM 

I 

I I , October 19,1980 
I 

16:30 - 19:30 

Monday, October 20,1980 

Regis ion, Lobby of the Holiday Inn, Emeryville, California 1 1  

I 

Registration, LBL Auditorium Lobby, Building 50 
LBL Welcome:’ Dr. David A. Shirley, Director 
Review of Italian Geothermal Program: Prof. Luigi Paris 
Review of U.S. Geothermal Program: J. Salisbury 
Session I, “Project 5 - Environmental” 
Introduction: G. Ferrara and C. Bufe, Co-Chairmen 

thermal Region of Larderello: Alfred J. Breslin, Andreas C. 
George and Giovanni Scand 

9:OO 
9:30 

1O:OO 

10:15 , The Distribution of Radon and Radon Daughters in the Geo- 

1 Discussion 
1 
11:OO 
11:20 Discussion 
11:30 eismic Monitoring in Italian 

H2S Abatement - Focus at The Geysers, California: GeraldKatz 

Seismic Activity in, t lo-Travale Area: F. Batini, 

ismic Activity in the Geothermal Fields under Exploration: 
, Batini, G. M. Cameli, E. Carabelli, and A. Fiordeki 

1150 Geothermal Induced Seismicity - Bane or Blessing? C. Bufeand 
P. Shearer 

12: 10 Discussion 
Closing Remarks: C. Bufe, Co-Chairman 

\ C. Bufe, G.  M.  Cameli, R. Console, and A. Fiordelisi 

I 

, r d  
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12:30 

13:30 

13:45 

14:05 
14: 15 

15:OO 
15: 15 

15:35 
15:45 
16: 15 
16:25 

Lunch (No-Host, lower level of LBL cafeteria, Building 54, has 
been reserved) 
Session 11, “Project 1 - Stimulation” 
Introduction: M. Smith and P. Ceron, Co-Chairmen 
Selection of Dry Wells in Tuscany for Stimulation Tests: P. hldi ,  
G.  Bertini, C.  Calore, G .  Cappetti, C.  Cataldi, R. Celati, and 
P. Squarci 
Discussion 
Selection of Fracturing Techniques and Examples of Applications 
in Italy: Task 1/2: P. Berry, C.  Cataldi, and E. M. Dantini 
Refreshments 
The DOE Geothermal Well Stimulation Program: R. J. Hanold 
and D. A. Campbell 
Discussion 
The DOE Hot Dry Rock Program; G. J. Nunz 
Discussion 
Closing Remarks: P. Ceron, Co-Chairman 

Tuesday, October 21,1980 
8:OO - 9:OO 

9:OO 

9: 15 

9:40 

9:50 

10: 15 
10:20 
10:35 
11:oo 
11:lO 

11:25 
11:35 
11:40 

Registration, LBL Auditorium Lobby, Building 50 
Session 111, “Project 4 - Deep Drilling” 
Introduction: U. Cigni and S. Varnado, Co-Chairmen 
Italian Experience and Problems in Deep Drilling ( > 3000 m): 
U. Cigni 
Discussion 

Materials Employed in Deep Geothermal Drilling in Italy: 
P. Del Gaudio 
Discussion 
Refreshments 

Geothermal Drilling Practices in The Geysers: Lou Capuano 
Discussion 
Materials Used in Drilling Geothermal Wells in The Geysers: 
Larry Leet 
Discussion 
Closing Remarks, S. Varnado: Co-Chairman 
Lunch, No-Host (lower level of LBL cafeteria, Building 54, has 
been reserved) 
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I 

13:30 Session IV, “Project 2 - Brine Utilization” 
ntroduction: C. McFarland and G. Allegrini, Co-Chairmen a 

. Nardini, G. F. Nencetti, 

14:15 Potential Solutions f rmal Brine Production Utilization 

14:30 I 

1445 duction Test Facilities of the rine of Cesano Geothermal 

15:05 Discussion 
15: 15 Refreshments 
1530 

1550 Discussion 
16:OO Design and Construc 

16:20 Discussion 
16:30 Hi rgy Conversion Based upon the 

Operating Experience at the San Diego Gas & Electric-DOE 
Geothermal Loop Experimental Facility Located at the Niland 
Reservoir, Imperial Valley, California, U.S.A.: George Anastas 

Field: R. Corsi and R. Di Falco 

Production Test Results at the Salton Sea Geothermal Field: 
Anthony J. Addtlci 

a Pilot Plant for Utilization of Cesano 
Brine: G. Allegrini and G. Nardini 

Introduction: R. Cataldi and P. Witherspoon, Co-Chairmen 

R. Marconcini, G. Neri, 
9:15 Modeling -Vapor-Domin d Systems - Serrazzano: R. Gelati, 

Pruess, R. Schroeder, and 0. Weres 
1O:OO Discussion 

i 1O:lO Refreshments 
10:25 

11:05 Discussion 
11:15 

11:55 Discussion I 

Reinjection Studies in Vapor-Dominated Systems: R. Celati, 
M. J. O’Sullivan, K. Pruess, C. Ruffiilli, and R. Schroeder 

A Depletion Model for the Gabbro Zone (Northern Part of Lar- 
derello Field): William E. Brigham and Giuseppe Neri . 

W* 
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13:30 

13:50 

14: 10 
14:20 

14:50 
15:OO 
1505 
1520 
16:OO 

18:30 - .19:30 

20:OO 

Reservoir Engineering Studies of the Travale-Radicondoli Res- 
ervoir: A. Barelli, M. J. Economides, G.  Manetti, and F. G. Miller 
Study of Water Influx and Fluid Composition in the Bagnore 
Field: Romano Celati, Franco D’Amore, Michael J. Economides, 
and Giuseppe Neri 
Discussion 
Helium Prospection in Geothermal Areas: R. Bertrami, A. 
Ceccarelli, I. Friedman, W. Boering, and S. Lombardi 

< 

Closing Remarks f 

Refreshments 
Summary of the Meeting: J. Salisbury and C. Palmerini 
Adjourn 
No-host Social Hour 
Starboard Room, Marriott Inn, Berkeley Marina 
Banquet, Starboard Room, Marriott Inn, Berkeley Marina 
P. Witherspoon, Chairman 
P. Ceron and J. Salisbury, Speakers 

Thursday, October 23,1980 
Field trip to The California Geysers (Werner J. Schwarz, Coordinator) 

7:30 
10:30 
13:OO 

Buses leave Holiday Inn, Emeryville, California 
Tour of California Geysers Geothermal Power Plant 
Depart for Souverain Cellars Winery 

13:OO - 15:OO 
15:OO - 17:OO 

Lunch, tour of winery 
Return to Holiday Inn, Emeryville, California 

Friday, October 24,1980 
Trip to Terra Tek Inc., Salt Lake City, 
Utah (Arranged by Terra Tek) 
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ORGANIZATIONAL ABBREVIATIONS 

AGIP - Azienda Generale Italiana Petroli (Italy) 
CJ?E - Comision Federal de Electricidad de Mexico 
CRN - Centro Nazionale Ricerca (Italy) 
DOE - Department of Energy (USA) 
ENEL - Ente Nazional per L'Energia Elettrica (Italy) 
EPRI - Electric Power Research Institute (USA) 
INEL - Idaho National Engineering Laboratory (USA) 
ISMES - Instituto Sperimentale Modelli e Strutture (Italy) 
LANL - Los Alamos National Laboratory (USA) 
LBL - Lawrence Berkeley Laboratory (USA) 
U N L  - Lawrence Livermore National Laboratory (USA) 

UNG - Unita Nazional Geotermica (Italy) 
USGS - U.S. Geological Survey 
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